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ABSTRACT
This thesis presents the results of hardness and surface 
studies carried out on electrodeposited tin-nickel and tin- 
copper alloys using optical and interferometric methods. The 
importance of hardness testing of electrodeposits is surveyed 
with a brief account giving the main reasons for choosing tin- 
nickel and tin-copper alloys for hardness study. The various 
methods used to study the hardness of electrodeposits are 
reviewed.
The structure and hardness values of the tin-nickel alloy 
deposits are found to be affected by each of the operating 
conditions of electrolysis, such as current density, pH of the 
solution, temperature of deposition, etc. There appears to 
be a close relationship between the structure and the hardness 
properties of these deposits. Thus the brighter and smoother 
the deposit, the harder it is. Conversely, as the grain size 
in the deposit increases with a consequent fall in reflectivity, 
it is found that the deposit becomes softer.
Though the change in any of the operating conditions 
affects the structure as well as the hardness properties of 
the deposit, the deposits of tin-nickel are still found to be 
compact, homogeneous and isotropic. The isotropic nature of 
the deposits is revealed by the phenomenon of Ring cracking 
and further supplemented by the observations with the double­
cone indenter.
As a result of this study it has now been possible to
i
determine the optimum conditions for the electrodeposition of 
tin-nickel alloy for maximum hardness. These are: current 
density 2k amp. per sq.ft.; temperature of bath 70 - 80°0., 
pH 2.5* Under these conditions the deposit is hardest 
(710 D.P.H.) and has a high reflectivity with very fine grain.
Furthermore, the present study has shown that the hardness 
of tin-nickel deposits is largely independent of the thickness 
of the coating, except possibly for very thin coatings.
The hardness properties of tin-copper alloy deposits of 
various compositions (in the range 10 - 8 ^  Sn) have been 
studied. It is found that the deposit composition has a 
marked effect on the hardness value of the deposit. Amongst 
the different tin-copper alloy deposits studied, speculum is 
found to possess the highest hardness (D.P.H. 520 ± 9)*
Moreover, these deposits, like tin-nickel, are found to be 
compact, homogeneous and isotropic.
The influence of the base metal on the measurement of 
hardness of both tin-nickel and tin-copper alloy coatings has 
been investigated in detail. For thinner coatings, the depth 
of the indentation and hence the apparent hardness may be 
affected by the hardness of the underlying metal. A minimum 
thickness of coating is necessary to give^true hardness figure 
of the coating independent of the nature of the base metal.
The important results obtained may be summarised as follows ;
(l) If the deposit has the same hardness as the base, then 
its hardness value is completely unaffected by the base what­
ever is the depth of penetration of the indenter, (2) if it is 
softer t h ^  the base, its indicated hardness remains relatively 
unaffected by the base until the indenter has penetrated almost 
the whole thickness of the plating and then gradually rises 
towards the hardness value of the base and (3) if. the hardness 
of the deposit is greater than that of the base metal, its true 
hardness is not measured if the indenter penetrates beyond a 
characteristic depth, as for example, in the case of tin-nickel 
alloy deposits, this is l/l6th of the thickness of the deposit 
and in the case of tin-copper alloy deposits it is l/8th of the 
thickness. If, however, the diamond pyramid penetration 
exceeds the characteristic depth in the respective deposit, 
then the indicated hardness in general decreases with load 
initially rapidly and then gradually, finally approaching the 
value of the base metal.
The surface distortions produced by pyramid indentations 
on tin-nickel alloy deposits have been evaluated by multiple- 
beam interferometry. The surface of the plating itself is 
not flat, but has undulations of the order of 1000 Even
then the interferograra gives a clear indication of piling-up 
along the sides of the indentation, this being symmetrical with 
respect to the sides of the indentation. In the case of thin 
deposits, in addition to the piling-up, ring cracks were usually
observed round the indentations.
The concavity and convexity of the sides of the pyramid 
indentations are discussed in relation to piling-up and 
sinking-in, and the influence of elastic recovery is indicated.
The contouring efficiency of tin-nickel alloy deposits 
has been studied using multiple-beam interference methods and 
it is found that the tin-nickel alloy possesses high contouring 
efficiency over small differences in^surface level, behaviour 
in accord with the good throwing power observed over large 
differences in level.
Some of the variations in plating conditions which lead 
to stress and consequent cracking in deposits of tin-nickel 
alloy have been studied. The observations reported here show 
the inherent existence of cracks in some tin-nickel alloy 
deposits. In addition the study gives some confirmation to 
previous findings that the internal stress that produces this 
cracking in the deposit is tensile in its character.
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CHAPTER I .
INTRODUCTION
1. Importance of Hardness Testing.
The serviceability of a plated coating depends upon 
its ability to withstand wear and tear. For special purposes, 
for example, on printing plates and bearing surfaces, increase 
in resistance to wear is the determining factor in the choice 
of a plated coating. It is therefore highly desirable to 
measure and control those properties which affect the wearing 
quality of the surface. It is generally understood that for 
a surface to resist wear it must be hard. So the hardness 
of an electro-deposit is a measure of its resistance to wear 
and abrasion, that is, the higher the hardness the higher the 
resistance. Moreover, the general qualities of a coating, 
which include hardness, brittleness and adhesion, all'depend 
on the conditions of plating, such as current density, 
temperature, composition and purity of the electrolyte, etc.. 
Therefore it often becomes necessary to keep a strict check 
on the quality of the product and hardness testing is a quick 
and non-destructive method of achieving this. Further there 
is a correlation between the hardness of a deposit and its 
brightness, the hardness increasing with increasing brightness. 
In the case of anodized coatings produced on aluminium and its 
alloys, it is known that these coatings increase the oxidation 
resistance of the alloy and improve the wearing characteristics
2due to the greater 'surface hardness produced. Both the 
hardness and the thickness of the film depend on the electro­
lyte and the alloy treated, and the process may therefore he 
controlled by frequent hardness checks.
The importance of thin film hardness testing needs 
no stressing when case-hardened and similar surfaces are 
under consideration, but it might be questioned whether 
hardness investigations of electro-deposited metals and alloys 
are worth while since the hardness of these in the cast or 
wrought condition is already well known. The answer is, of 
course, that the hardness of an*electro-deposited metal or 
alloy is not usually the same as that of the metal or alloy 
in the cast state and it can and does vary enormously with 
the conditions of electro-deposition.
It is even more interesting to observe that electro­
deposited metals usually possess hardness values considerably 
greater than those of fully annealed metals and frequently 
greater than those obtainable for the same metals by work- 
hardening. Metals which may be electro-deposited so as to 
be considerably harder than their work-hardened state are 
chromium, nickel, platinum, rhodium and palladium. For 
instance, in the case of platinum the Brinell hardness number 
for fully annealed state is 47, that for the work-hardened 
metal is 97, whereas for the electro-deposit it is 606 - 642.
Further, the increasing application of electro-
3deposited metals and alloys in the engineering industries for 
the production of wear-resistant surfaces, moulds and dies, 
and for repair and huilding-up of worn or undersized components 
makes it very necessary to know the hardness of the deposit 
produced.
2. Why Tin-Nickel and Tin-Copper alloys for hardness study?
Tin and nickel are widely used as protective coatings 
hut their resistance to mechanical wear is poor. Tin is very 
soft (D.P.H.5) and nickel is fairly hard (D.P.H.339). If 
these two metals are deposited together in such a way that an 
alloy deposit containing approximately 65 per cent of tin and 
35 per cent of nickel is produced, this tin-nickel alloy plate 
has been found to possess some unique properties - (i) it is 
much harder and more durable than either tin or nickel, and 
(ii) it is extremely resistant to atmospheric tarnishing and 
corrosion. Because of its unique properties the alloy plate 
is now commercially used in many countries on a large scale 
as a decorative and protective finish. The hardness value 
of the plate as reported, is about 650 (D.P.H.). But as no 
detailed study of the hardness properties of this new electro­
deposit has so far been made, it was therefore undertaken and 
the results obtained are reported in this thesis.
In addition to the above-mentioned special properties, 
tin-nickel, unlike various other electro-deposits, possesses 
certain valuable features which have made it an ideal deposit
J. 4
for studying its hardness properties and surface character­
istics in great detail. In general, it is necessary to 
prepare the surface under examination to a flat, smooth 
condition by grinding and polishing it before doing a hardness 
test. As a result of this mechanical preparation, the surface 
gets hardened. On the other hand if a bright, smooth and flat 
surface could be obtained without any mechanical treatment it 
would be ideal for hardness test. Fortunately the tin-nickel 
alloy deposit comes out bright and smooth directly from the 
plating bath if the basis metal is bright and it does not 
require any subsequent polishing. This property of the plate 
has been of great advantage not only in accurately assessing 
its true hardness value but also in studying (i) its contouring 
efficiency and (ii) the surface distortions round hardness test 
indentations, by using the highly sensitive Multiple-Beam 
Interferometric techniques. This property of the plate has 
also been very useful to examine the surface more closely for 
cracks, etc., Another feature of tin-nickel alloy deposit is 
that it is compact, homogeneous and isotropic. This property 
has helped in investigating in detail the influence of the base g  
metal on the hardness of the deposit.
Other tin-alloys that have been in great commercial 
use are tin-copper (bronze) alloys. The plating of these 
alloys has been practised for the last 30 years or so. Many 
of the properties of speculum and other tin-copper alloy plates
5A
have been reported, but very little data have so far been 
published on the hardness of these important plates. This 
thesis presents the results of hardness tests carried out 
on speculum and other tin-copper alloys employing the 136° 
Vickers diamond pyramid indenter.
CHAPTER I I .
HARDNESS AND ITS MEASUREMENT.
1# The concept of hardness.
Hardness is one of the properties of materials of 
which we are most conscious. But the most surprisii^ thing 
is that it is impossible to define it concisely so as to 
include all the various characteristics of a material which 
have been referred to as hardness. The precise definition 
depends on the method of measurement which will determine the 
scale of hardness obtained. The best general definition that 
can be given is that 'hardness is a measure of the resistance 
to permanent deformation or damage'. No method of measuring 
hardness is dependent on a single physical property but may 
involve both the elastic and plastic deformation character­
istics of the material, so that the elastic limit, elastic 
modulus, yield point, tensile strength, brittleness, etc., all 
play a part in the result obtained. Further, it is important 
to realise that the hardness properties of the material may 
change appreciably as the test is applied. For instance in 
an indentation type of test, the initial penetration of the 
indenter increases the resistance of the material to further 
indentation so that the best we can do is to determine the 
resistance of the material to penetration when indented by a 
certain amount. The un-cold-worked hardness of the original 
material is not discovered by any indentation hardness test.
6So it is obvious why there is not, and cannot be, any simple 
mathematical relation between indentation hardness values 
obtained with different loads and different shapes of indenters, 
for all such differences result in different degrees of cold- 
working of the material being tested. However, the 
astonishing thing is that the index of hardness so obtained 
is so useful a value. It is quite usually accepted and very 
generally employed.
2. Hardness measurements.
There are various methods of measuring the hardness 
of an electro-deposit. Bach method has its own value and
fields of application. The most commonly used one is the
static indentation type and this is the method that has been 
followed in the present investigation on the electro-deposits 
of tin-nickel and tin-copper alloys. However, it is 
appropriate to consider briefly the various types of test that 
have been used for assessing the hardness of electro-deposits.
In all we can distinguish a total of four main types of hardness 
test and they are as follows.
(a) Scratch test;-
A standard hard test point - normally a diamond - 
loaded with a definite weight is drawn at a uniform rate across 
the test surface, and the width of the resulting scratch is 
taken as an index of hardness. The best known scratch­
hardness tester is the Bierbaum microcharacter.
*'“4-
7Because the scratch hardness method yields scratches 
that are at least similar to those produced by abrasion, it is 
often suggested as a measure of wear resistance. However, 
because the results are not reproducible, especially with 
very hard coatings (which yield fine scratches), the method"is 
not very satisfactory for plated coatings. Perhaps a greater 
obstacle to scratch testing lies in the inherent difficulty of 
determining the true width of a scratch in which relatively 
large quantities of material are roughly piled-up on each side 
of the cut. Further the mechanism of the deformation in 
scratch hardness tests is highly complex, involving the static, 
dynamic, and frictional properties of the solid and of the 
testing machine itself.
\
(b) Abrasion test;-
Abrasive hardness is defined as the resistance to 
wearing away, or, as the amount of material removed from the 
surface of a specimen during a test under certain conditions. 
There are a number of standard testing machines available, such 
as the Amsler Abrasion Tester, which employs specimens in the 
form of rotating discs in contact with one another. Abrasion 
'between two surfaces depends on many factors such as the 
coefficient of friction between the surfaces, cold working, 
surface conditions, testing speed and' other factors. It is 
therefore clear that measurements of abrasive hardness made 
under different conditions will not be comparable. However a
8knowledge of the resistance to mechanical wear of electro­
deposits is of importance in a large number of applications.
Chalmers (1941) assessed the surface hardness of 
thin electroplates in terras of the reduction in optical 
reflectivity when a known amount of sand was allowed to 
impinge on the specimen under standard conditions. The method 
of Chalmers was followed by Howes (1955) for measuring the 
surface hardness of speculum and tin-nickel platings.
(c) Dynamic Indentation tests
In the simplest case a hard indenter is dropped on 
to the surface to be tested and the hardness is expressed in 
terms of the energy of impact and the size of the indentation 
produced. Alternatively the hardness may be expressed in 
terms of the height of rebound of the indenter as in the Shore 
Scleroscope (Shore, 1918). The dynamic tests involve the 
elastic and plastic properties of the material tested. The 
hardness values vary widely with the velocity of impact of 
the indenter.
(d) Static indentation tests
These tests are the most popular owing to their 
speed, accuracy, reproducibility and ease of application to a 
greater degree than the other types of test. The Brinell, 
Rockwell and Vickers Diamond Pyramid machines are typical 
instruments in this category. All depend upon the forcing of 
a hard indenting head of standard shape normally into the test
9surface under a given load, followed by the measurement of the 
size of the resulting impression in terms of one of its linear 
dimensions. The hardness is then evaluated as the ratio of 
the applied force to the surface area of the indentation. Use 
of simple geometrical shape facilitates calculation. The shape 
used, however, influences what is being measured, and leads to 
different hardness values.
3* Microhardness testing of electro-deposits.
All the methods used for measuring the hardness of thin 
coatings are likely to be influenced by the hardness of the 
basis metal. For this reason it is customary to make hardness 
measurements on relatively thick coatings, the properties of 
which are not necessarily the same as those of thinner coatings 
used in actual plating. In contrast to massive metals, the 
measurement of hardness in electro-deposits is, therefore, not 
a simple matter. If one wishes to measure the hardness by 
penetration perpendicularly to the surface, the thinness of 
the deposit dictates that the load used on the indenter must 
be very small in order that the indent will neither penetrate 
the coating nor be influenced by the anvil effect, that is, 
the hardness of the basis metal. Further if the deposit 
happens to be brittle it would shatter if indented at high 
pressures. So the necessity for microhardness, testing (or 
more appropriately, 'micro-indentation' hardness testing) of 
electro-deposits becomes quite obvious. The only existing
10
tool suitable to do this job is the micro-hardness tester, 
using a diamond indenter under very light loadings to make 
static impressions. The indenters generally used for this 
purpose are the Vickers diamond pyramid, the Knoop and the 
Double cone. Examples of microhardness testers are the 
Bergsman tester, the Tukon tester, and the Cooke, Troughton 
and Simms tester. The last one has been used in the present 
work and it is described in detail in Chapter VII.
11
CHAPTER III.
STATIC INDENTATION METHODS.
In the preceding chapter it has been pointed out 
that static indentation tests are of great importance in 
technical determinations of the hardness of electro-deposits.
In this chapter the various methods used to measure the static 
indentation hardness, and the disturbances which occur around 
indentations will be discussed.
\
1. The Brinell Test.
The first important indentation method was developed 
by Brinell (1900) and this method has served as a basis for 
all subsequent tests of this type. The standard method 
consists of indenting the specimen with a 10 mm. diameter steel 
ball subjected to a load of 3,000 kg. For soft materials, the 
load is reduced to 300 kg., to avoid too deep an indentation. 
The load is applied for 30 seconds, after which it is removed 
and the diameter of the recovered indentation is measured.
The Brinell hardness number is calculated by dividing the load 
applied by the surface area of the indentation, or by the 
formula;
Brinell hardness number = iv__________
(B.H.N.) ■;
W = load in kilograms
D = diameter of ball in mm.
d = diameter of indentation in ram.
12
The above heavy loads and large-sized balls cannot 
be used on electro-deposits. Macnaughtan and Baier (1936) had 
carried out Brinell hardness tests on thick tin-bronze deposits 
using a ball of 1 ram. diameter acting under a load of 25 kg.
The Brinell hardness of numerous electro-deposited metals and 
alloys is reported in the literature but in all these cases 
the deposit had to be many times thicker than what is actually 
employed in plating practice.
Also, the B.H.N. is not a constant for a given 
material but varies with the load and the diameter of the ball. 
The ratio W/A, where A is the surface area of the indentation 
in sq.mra., is constant for a given material, only when the 
applied load is the same and the diameter of the ball is the 
same. If an indenter gives geometrically similar indentations 
for different loads, it is found that the hardness number ifi 
constant. In the case of the Brinell test this geometrical 
similarity is not there for different loads. For the comparison 
of hardness of different materials, the same load is used and 
the variable impression size is measured as the change in 
hardness.
2. Shallowing effect.
Due to elastic recovery and work-hardening of the 
metal there are practical difficulties involved in the measure­
ment of the indentation produced during a Brinell test. The 
effect of elastic recovery causes a decrease in the depth of 
the indentation. When the load and indenter are removed it is
1
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found that the indentation left in the metal surface has a 
larger radius of curvature than that of the indenting sphere. 
Poss and Brumfield (1922) in a careful mechanical exploration 
of recovered hall indentations found that they were symmetrical 
and of spherical form, hut that their radii of curvature might, 
for hard metals, he as much as three times as large as that of
the indenter. This effect is known as "shallowing." There
is also a slight diminution in the diameter of the indentation,
hut the elastic recovery at the edge of the indentation is very
much smaller and the error introduced does not as a rule exceed 
a few per cent.
3* 136° Diamond Pyramid Indenter. '
This is the indenter that has been mostly used in 
the present work for studying the hardness properties of 
various electro-deposits and so a detailed account of it is 
given below.
The 136° Diamond Pyramid indenter was first intro-
«
duced in hardness measurements by Smith and Sandland (1922).
It was later developed by Messrs. Vickers-Armstrong, Ltd., 
and incorporated into their hardness tester. It is often 
referred to as the Vickers hardness test and hardness measure­
ments are given as Vickers Hardness Numbers. As, however, 
there are a number of other hardness testers employing this 
indenter. Diamond Pyramid Hardness (D.P.H.) is a more satis­
factory terra and this will be used throughout the present work,
14
The indenter is in the form of a square-based pyramid 
having an angle of 136° between opposite faces. The diamond
pyramid hardness method follows the Brinell principle in that
the indenter is pressed into the material to be tested, the 
load removed, and the diagonals of the resulting impression 
measured. The 136° diamond pyramid hardness number, designated 
as D.P.H., is calculated by dividing the load by the pyramidal 
or surface area of the impression, or by the formula:
2W sin I
D.P.H. = ---5--- ^
where W = load in kg.
d = diagonal of the impression in mm.,
O' = angle between opposite faces of the 
indenter ( = 136°)
D.P.H . =
Pig. 1. shows the form of the indenter. The 136° 
angle was chosen for the pyramid as it represented the most 
.desirable ratio of indentation diameter to ball diameter in 
the Brinell test. This is shown in Pig.1. In the Brinell 
test using a ball diameter D the range of impression diameter 
‘ allowed is 0.25D to 0.5D. The average of these is 0.375D.
When tangents are drawn from the points of contact of an 
impression of this diameter and the circumference of the 
indenter the included angle is 136°. In actual tests the
0.3T90
How ongle a t the opex of the 
diomood pyromid indenter wo» determined for 
u»e in the 136° diamond pyramid hardness test.
The 136° diamond pyramid indenter.
Peg. I
(a) (b)
D oform utio ii nrountl the indentation  produced by a uplierical indenter: 
( a )  'p d in g -u p ’ which is observed w ith  h ighly worked m aterials, (b) ‘ sinking-in* 
which is observed w ith  annealed m aterials. The  effects have been exaggerat**»! 
to  show more clearly the deform ation re la tive  to the original le \ el (dotted line).
' 2,'
Î:
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pyramid indenter with this angle does give hardness numbers 
which are in close conformity with those obtained by the 
Brinell test.
The geometry of the indenter is such that the ratio 
of the projected to the surface area of the indentation is 
0.927* Hence,
T) p H = 0*927 W  __________________
projected area of indentation.
So the mean yield pressure P , that is .the load 
divided by the projected area of the indentation, is related 
to the Diamond pyramid hardness number by the relation 
D.P.H. = 0*927 P.
The loads used on the standard Vickers hardness 
tester usually range from 1 to 120 kg. according to the 
hardness of the material under examination. For microhardness 
testing smaller loads, in the range 1 to 1000 gms., are used.
4* *Piling-up* and * Sinking-in* .
When an indentation is made on a metal surface there 
is a displacement of metal from the indentation itself. This 
produces appreciable deformation of the material around the 
indentation. In some cases the metal is forced up above the 
original level of the surface close to the indentation (Pig.2a) 
and this effect is known as ’piling-up*. In other cases, it 
is found that the metal is forced up at a distance further 
away causing a depression close to the indentation (Pig.2b) and 
this effect is known as * sinking-in*. It has long been
16
established, that these effects are due to different degrees of 
work hardening in the metal.
In the case of ball and cone indenters these effects 
produce concentric ridging or sinking-in round the indentations. 
This is not so with a pyramid. The plastic flow around the 
pyramid is not uniform in any horizontal section. The pressure 
due to the indenter is a maximum in the centre of the faces 
and maximum deformation occurs in the centre of the sides of 
the impression as a result. This applies only to an isotropic 
material when tested. As a result of this uneven deformation 
about the indenter, the displaced material will flow up the 'I
faces of the indenter, rising more at the centre of the faces ^
than at the corners giving convex boundaries to the impression, 
that is, a barrel shape accompanied by *piling-up* of the |
material at the edges. These barrel-shaped indentations are " j
generally formed in work-hardened materials. If, on the other j
hand, the material is annealed, the displaced material will be 
pushed out at some distance from the indenter. The edges of 
the indentation will sink below the general surface level and 
the effect will be more marked at the centre of the faces than 
at the comers. As a result the impression will have concave 
boundaries, that is, pincushion shape accompanied by * sinking- 
in* . Pig*3 illustrates these types of indentation.
Thus perfect impressions are rare and in practice, 
some piling-up or sinking-in of the material usually occurs
17
around the sides of the impression. The measurement of the 
length of the diagonal d is affected by these effects, but 
to a much lesser extent than if measurements were made to the 
centre of the sides.
The distortions around hardness test indentations 
are often referred to in the literature as flow patterns. 
Investigators have always experienced some difficulty in 
measuring flow patterns. A number of methods have been 
employed with varying degrees of success.
A probe method was used by Foss and Brumfield (1922) 
to measure both indentations and flow patterns, and a similar 
method has recently been employed by Yakutovich, Vandyshev 
and Surikova (1948). A probe, attached to an accurate dial 
gauge, is lowered until it makes electrical contact with the 
surface under study. By means of a traversing mechanism and 
the dial reading, a section of the surface may be found. This 
method is satisfactory for measuring large indentations 
(chordal diameter greater than 1 ram.), but it is not sufficiently 
accurate for indentations smaller than this.
O’Neill and Cuthbertson (1931) measured the piling-up 
by means of the convexity of barrel-shaped diamond pyramid 
indentations. This method is not satisfactory because of the 
inherent difficulties in making accurate measurement.
Krupkowski (1931) calculated flow patterns for ball 
and cone indentations in work-hardened copper, from measurements
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of the diameter and depth.of the indentation, and the depth of 
penetration of the indenter. He assumed that the volume of 
the flow pattern was equal to that of the indentation, which 
is not true in general.
Tolansky and Nickols (1949a & h, 1952) applied 
multiple "beam interferometrie methods to evaluate the surface 
contours round hardness test indentations made on various 
metals and alloys. These methods reveal the shape of the 
whole surface, and can measure flow patterns whose heights 
are as small as 0.05 microns. Tolansky and Nickols measured 
flow patterns around indentations in tungsten car"bide, various 
steels, duraluminium,. and single crystals of tin. They 
reported that the flow patterns caused "by various sized diamond 
pyramid indentations in steel were geometrically similar. On 
single crystals of tin they found unsymmetrical patterns with 
piling-up in two directions and sinking-in in directions at 
right angles to these. ' The effects are associated with the 
crystal lattice.
5* Some outstanding features of the diamond pyramid test.
(i) Since the indentations produced "by this indenter are 
geometrically similar for all loads, the hardness is independ­
ent of the load for a homogeneous material. So by this test 
it is possible to decide whether a material is homogeneous or 
not.
(ii) All the hardness variations met with in materials
G ' _ V_.
can be measured on the same hardness scale, from tin with 
a D.P.H. of 5 to diamond with a D.P.H. of the order of 10,000.
(iii) It has a further advantage over the Brinell test in 
that the indentations are very much smaller, so permitting 
smaller specimens to be used. The damage done to the 
specimen is very small.
(iv) The fact that measurement of hardness at low loads • 
is possible with this indenter, makes it a very useful tool.
It has been successfully employed in (a) the study of surface 
phenomena. This includes the investigation of surface 
coatings like electro-deposits and the effect of various 
mechanical, thermal and chemical treatments on the properties 
of the material at the surface, (b) testing of fabricated 
components. These consist of thin sheets, fine wires and 
tiny components too small for testing at high loads, (c) the 
study of constituents in a multi-phase alloy, (d) testing of 
brittle material like glass or an intermetallic compound phase,
(e) studying the effects of nuclear radiation on various metals 
and alloys and (f) in investigating the nature of grain 
boundaries.
6. The Knoop indenter.
This indenter has been used by various workers for 
measuring the hardness of different electroplates. For 
instance, Peters and Knoop (1940) used this on chromium plate 
of varying thicknesses and Lysaght (1946) on nickel, zinc.
OPERATING
POSITION
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silver, cadmiiam, etc..
The Knoop indenter is an elongated diamond pyramid 
such that the angles "between the long and short edges are 
172^30* and 130° respectively (Pig.4). The shape of a 
perfect impression is that of a parallelogram for which one 
diagonal is about seven times the length of the other. For 
the same load the penetration of the Knoop indenter is about 
half that of the "Vickers pyramid. The depth of the indent-
d a
ation is about 1/20th of its length. The method of applying 
the load and carrying out the test is similar to that used 
with the Double-cone indenter which is described in the next 
section.
Experiments have shown that there may be consider­
able reduction in the shorter diagonal of the impression when 
the load is removed, due to elastic recovery. The longer 
diagonal JL , however, changes very little in length and is 
used as the basis for the hardness measurement. The Knoop 
hardness is obtained as the ratio of the applied load to the
unrecovered projected area,
_ W___
%  ■ c T ?
where W = load in kg.
L = length of indentation in ram. 
c = a constant depending on the geometry.
7. The Double Cone Indenter.
Another indenter highly suitable for hardness
à
-I
4
21
testing of very thin electroplates and for studying directional 
variation of hardness is the Double cone indenter. This 
indenter as developed by Grodzinski (1952) and used in the 
present work, consists of two cone faces v/ith the same axis 
joined on equal bases. It has a V-shaped section in one 
plane, and in the plane perpendicular to it a circular cross 
section (Pig.5) *
The hardness number is given by the relation,
H _ W
D.C. “ ' A
where, W = load in kg.,
A = area of unrecovered impression in sq.ram.
An approximate value for A (approximated by two 
parabolic arcs instead of hyperbolic ones) as given by 
Grodzinski (1952) is as follows:
tan Ô?
A = 2
 R -----
where oC = included angle between the two conical faces,
d = length of indentation in mm.
r = radius in mm. of intersecting circular arc.
tan
= k is a constant for a given indenter.6r
Hence H  W
D.C. -
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For the indenter used in the present work, 
r = 2 mm.
oC = 154°
and k = 0»36l
H ^ W
D'G' 0*361
The value of the width of the indentation, h ,
does not enter into the formula for the hardness number.<1 *
Tolansky and Williams (1955) have shown that very little 
plastic flow takes place in the length, and that all the 
recovery due to the deformation occurs along the width. That
b does recover very much more than d can be seen by
comparing values of b calculated geometrically from the value
of d and comparing them with the measured values
1, = I fcd^
The depth of penetration, h is approximately given
by P
d ^ .
The indenter gives a shallow depth compared with
length, much*more so than in the case of indentations of the
Knoop and Vickers type. The numerical comparisons as applied 
to a hard specimen are given in the follovfing table, after 
Grodzinski ; 4
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H.K.
Length
mm.
widtii
mm.
Depth
mm.
W i â t V
Length
Depth/
Length
D.C. 2013 0*155 0*005 0*0015 1/31 Vl03
V.P. 1678 0*33 0*33 0*00475 1 V y
K 1663 0*0925 0*13 0*0042 1/7 V 22
The Double cone indenter has all the advantages of 
the Knoop indenter, apart from the fact that the indentations 
are not geometrically similar for different loads.
Æ m
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CHAPTER I V .
PHYSICAL SIGNIFICANCE OP STATIC OH HARDHESS.
1. Introduction.
In the case of a material like rubber, elastic
properties play a very important part in the assessment of
its hardness. With metals, however, the position is quite
different. The range over which metals deform elastically
is relatively small. So, when we try to estimate the hardness
of a metal by indenting it, the deformation produced is
predominantly outside the elastic range and involves consider- 
e
able plastic or permanent deformation. For this reason the 
hardness of metals and alloys is bound up primarily with their 
plastic properties and only to a minor extent with their elastic 
properties. In the formation of an indentation by any of the 
standard static indentation tests we are concerned mainly with 
the plastic flow of the metal around the indenter. For this 
reason we shall first discuss briefly the nature of plastic 
deformation.
2.' Plasticity of Metals.
When a cylinder of an 'ideal* plastic metal is 
subjected to tension, its deformation follows the stress-strain 
curve shown in Fig.6 which is a plot of linear strain E 
against the true stress Y. Over the region A the increase 
in length is proportional to the applied stress and if the 
stress is removed the cylinder returns to its original length.
i>'o1/1
D
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Linear Strain 6
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i.e. oA is reversible. When the stress reaches a certain 
critical value, the metal deforms in a non-reversible way, 
and the stress at which this occurs is known as the elastic 
limit or yield stress Yo. For an 'ideal* plastic material, 
that is for a material which does not work-harden as a result 
of the deformation, the yield stress is constant and the 
stress-strain curve BO is parallel to the strain axis. If, 
at any point D , the stress is reduced, the cylinder contracts 
elastically along the line Do*. If the stress is completely 
removed the cylinder will have suffered a permanent plastic 
deformation of amount oo*.
♦
In practice all metals work-harden as a result of the 
deformation itself and the streee-strain curve of a real metal 
is of the type shown in Fig.7# Once plastic yielding has 
commenced the stress required to further yielding increases, 
at first rapidly and then more gradually. If at any point 
D the stress is removed, the specimen contracts elastically 
along the line Do*. On reapplying the stress the deformation 
will follow the curved dotted line shown in Fig.7* So if we 
subject a specimen that has already suffered a permanent 
plastic deformation of amount oo* to further tension, we 
obtain a stress-strain curve shown in Fig.8 in which the yield 
stress increases only slightly with the deformation. A 
heavily worked metal has, then, plastic properties similar to 
those of an ideal metal.
à
L
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When an indenter is pressed into the surface of a 
metal the stresses are not simple tensile or compressive 
stresses. Stresses in various directions are set up under 
the indenter and the resultant plastic flow takes place under 
the combined stresses. Experimentally it is found that the 
hydrostatic component of the stresses produces no plastic 
deformation. It is therefore assumed that only the non­
hydrostatic parts of the combined stresses are effective in 
causing plastic flow. If , P^, P^ are the principal 
(orthogonal) stresses acting on à metal specimen, then the 
hydrostatic component is ? (P^  + Pg + P^) and the reduced 
stresses are
P^ -3 (P^ +Pg+Pj)» Pg-3 (P^ +Pg+P^ ), andpj-i (P^ +Pg+P3).
Only these reduced stresses can cause plastic flow 
and they are found experimentally to do so when the sum of 
their squares is a constant, that is when
(?3- P j ) ^  = constant....... (1)
In the case of uni-axial tension (or compression)
Pg X  P^ = o, and plastic flow occurs when the axial stress 
equals the yield stress Y, i.e. when P^ = Y. Hence the 
value of the constant is Y , so that equation (1 ) becomes
( P ^ - P g ) ^  +  ( P 2 " ^ 3 ^ ^  +  ( ^ 3 - ^ 1 ) ^  =  2   ( 2 )
constant
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This equation, originally derived by Huber (1904) and 
independently by von Mises (1913), is known as the Huber-Mises 
criterion of plasticity and there is a lot of experimental 
evidence supporting it.
An alternative criterion for plastic flow, proposed by 
Tresca (1864), is based on the assumption that plastic flow 
occurs when the maximum shear stress reaches a certain critical 
value. The Tresca criterion for plastic flow is that
d
- P3 = Y where P., >  Pg >  P3 ............(3)
In the case of materials like annealed mild steel 
there is evidence that the condition for plastic yield at the 
upper yield point is hearer the Tresca criterion than the Huber- 
Mises criterion.
It is interesting to note that these criteria become 
essentially the same under two conditions: (i) If any two of 
the principal stresses are equal, say Pg = P^, then equation
(2) turns out to be the same as equation (3), and (ii) for 
two-dimensional deformation or plane strain, the condition 
for zero plastic deformation in the direction of P^ is 
i (p^  + Pj). Substituting this value for Pg in 
equation (2) the Huber-Mises criterion becomes
-  ^3 = y f  ^
Thus the condition for plasticity in the two criteria 
is a maximum shear-stress condition as in equation (3), but 
the value of the constant is about 1.15 times larger. Many
--------------------------------------------------------------------------------------------   T
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of the problems of plasticity are solved by these two 
dimensional flow criteria and the treatment is the same for 
both criteria, there being merely a change in the value of 
the maximum shear stress when it reaches a critical value k ,
where 2 k = 1.15 Y for the Huber-Mises criterion, or
2 k = Y for the Tresca criterion.
Several other conditions for plastic flow have been 
proposed, but they are only of historical interest.
When plastic flow occurs in an ideal plastic material, 
the stresses at any point can be represented as the sum of a
hydrostatic pressure p , and a shear stress k where k is
constant and has the value given above while p may vary from 
point to point. The lines of maximum shear stress k are 
called slip-line8 but they must not be confused with slip-lines 
or slip-bands observed under the microscope. They are purely 
mathematical. Any region where plastic flow occurs may be 
represented by two sets of slip-lines, the and yS curves,
each of which cuts the other orthogonally. Detailed
mathematical investigation has shown that if the slip-lines 
are straight, p is constant throughout the plastic region.
If, however, a slip-line turns through an angle relative to 
a fixed direction
p + 2 k^.
is a constant along the slip-line. (The positive and negative 
signs refer to the two sets of slip-lines).
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3* Plastic flow due to a pyramidal indenter.
Rigorous theoretical analysis of the actual indent­
ation process, even for an ideal plastic material, has not 
yet been possible due to the three-dimensional nature of the 
problem. Fairly satisfactory solutions have been obtained 
for two-dimensional cases. Ishlinsky (1944) has been able 
to derive the solutions for a flat circular punch and a ball 
penetrating an ideal rigid-plastic metal. In the case of the 
pyramidal indenter, a rigorous solution for the two-dimensional 
model has been obtained by Hill, Lee and Tupper (1947). The 
two-dimensional indenter, of course, becomes a wedge, and the 
shape of the indentation is geometrically similar whatever its ^  
size. Consequently whatever the size of the indentation the 
flow pattern is unchanged. The slip-line field due to Hill,
Lee and Tupper is shown in Fig.9# |
Assuming there is no friction between the indenter !
and the indentation, the pressure normal to the surface of . 
the indenter at any point is given by
P = p + k
It is found that for the Huber-Mises criterion, for 
which 2 k = 1.15 Y,
P = 1.15 Y (1 + &*) where 9* is the angle shown .in 
the figure. This angle & is related to the semi-angle o<, 
of the wedge by the relation :
cos 9'cos (2 oc - fr* ) = 1 4^ Sins'
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For a particular wedge angle the yield pressure may then he 
calculated. When the semi-angle oc of the wedge is 90^ it
becomes a two-dimensional flat punch for which
P = 2 k  (1 + i TT ) = 2 k (2.57) = 2.96 Y.
As the angle oC is reduced, P is found to decrease 
steadily. However, for angles of oc lying between 70^ and
90^ the change in P is not large and over this range the
yield pressure is of the order of 3 Y.
It may be pointed out that there is good quantitative 
agreement between the observed yield pressure and that 
calculated from the two-dimensional model. It is found 
experimentally that for the 136^ diamond pyramid indentations 
in a fully work-hardened metal, the yield pressure P remains 
constant at about 3*2 times the yield stress of the metal.
The theoretical value is of the order of 3 Y. The somewhat 
higher value observed may be due to the effect of friction, etc 
The D.P.H. is defined as the ratio of the load to the 
surface area of the indentation, while the yield pressure P 
is calculated from the projected area. As the ratio of the 
projected to the surface area of the pyramid indentation is
0.927.
D.P.H. = 0.927 x P  .
= 0.927 X 3.2 Y
= 3 Y
By means of this formula the yield stress of a fully
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work-hardened metal may he obtained from its hardness value.
Ijî is clear from the above analysis and general 
plastic problems that indentation hardness tests are 
essentially a measure of the elastic limit or yield stress of 
the material being examined* For most types of indenters 
in common use the yield pressure between the metal and the 
indenter when appreciable plastic flow has occurred is about 
three times the effective yield stress of the metal. Although 
there is some elastic recovery of the indentation when the 
indenter is removed, the main change in dimensions occurs in 
the depth rather than in the projected area of the indentation. 
Consequently the yield pressure, or the hardness, as determined 
from the area of the recovered indentation is very nearly equal 
to the pressure which obtains during the actual formation of 
the indentation.
Fcg. lo-
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CHAPTER V .
OPTICAL AHD IMERFEROIÆBTRIC TECHNIQUES.
1. Introduction.
In the present investigation different experimental 
techniques have been employed. During the study of the 
hardness properties and surface characteristics of the electro­
deposits the Vickers Projection microscope (Pig.10) under 
bright field illumination has been used. For examining the 
flow patterns round hardness test indentations and for 
evaluating the contouring efficiency of tin-nickel alloy 
deposits multiple-beara interferometric techniques were employed." 
The measurement of surface features by multiple-beam inter- 
feroraetry is a well established experimental technique. It was 
first applied to the study of deformation features on metal 
surfaces by Tolansky and Nickols (1949 a and b, 1952). Later 
on various workers have used this method for surface studies. 
Williams (1953) employed the method to measure the distortions 
in cast tin and bismuth crystals. BeIk (1954) used the method 
to examine the surface distortions produced by spherical 
indenters. The main advantages of this system of measurement 
are:- (i) The whole of the surface deformation is revealed so 
that unsymmetrical flow patterns become immediately obvious.
With a method that merely reveals a section of the surface, the 
discovery and measurement of ,such an asymmetry would require 
considerable time and labour (ii) the method is absolute and
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measures the surfaces in terms of light waves thus eliminating 
all mechanical errors (iii) it.is extremely simple in operation 
and less expensive (iv) it does not affect the surface under 
study at all, i.e. by scratching, etc., as all mechanical 
methods tend to do. (v) the accuracy of the method is very 
high. So high a precision can be achieved that dimensions 
of the order of crystal lattice spacings can be measured 
accurately. For example, Tolansky (1945) employing these 
multiple beam interference methods showed that the cleavage 
steps on mica are usually exact multiples of 20 & which is 
the value of the crystal lattice spacing.
Another technique that has been used in the present 
investigation is the light-profile microscope. With this 
technique the profile of a surface, the height or depth of 
small elevations or depressions and the evenness of an electro­
plated coating could easily be evaluated.
2. Multiple-Beam Interferometry.
The various techniques of multiple-beam interferometry 
have been developed by Tolansky and a very detailed and lucid 
account of both the theory and practice of these techniques is 
given in his two books - 'Multiple-beam interferometry of 
surfaces and films' (1948) and ÛAn Introduction to Inter­
ferometry' (1955). A brief review of the general theory of 
multiple-beam interferometry will be given here.
The study of surface features by interference methods
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was first introduced by Pizeau (1862). He showed that when 
a parallel beam of monochromatic light of wavelength X is 
incident at an ^  ^  on a thin transparent wedge of refractive 
index , bright fringes are observed in transmission at 
wedge thicknesses t given by the relation n X  =2/ j^t cos ^  
where n is the order of interference. These fringes have 
been called 'fringes of equal thickness,' since each fringe is 
the locus of points for which t is constant. If either of
d
the two surfaces of the wedge is irregular, then the fringes 
will contour the irregularity, each following a path of 
constant optical thickness.
A special case of interference arises when light from 
an extended source is incident on two plane parallel plates 
separated by a constant distance t • In this case, a series 
of bright and dark rings known as Haidinger (1849) fringes are 
formed. Since each fringe corresponds to a particular value 
of ^  , they are called 'fringes of equal inclination', to
distinguish them from the Pizeau 'fringes of equal thickness'.
The theory of the multiple-beam interference taking 
place in such a parallel plate system was first worked out by 
Airy (1831) who showed that the intensity distribution in the 
transmitted system is given by the formula
Where T and R are the transmission and reflection coefficients
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# S'respectively and à , the phase lag between successive beams, 
is constant and is equal to * 2 ^  t cos p . Boulouch
(1893) first pointed out that by increasing the reflectivity 
of the interfering surfaces, the fringes should become 
successively sharper. This idea of Boulouch was later on 
fully developed by Fabry and Perot and utilised in the well 
known Pabry-Perot interferometer.
Fabry, Perot and Buisson (1906) used a thin wedge 
silvered on both sides to produce sharp Fizeau fringes. But 
they did not analyse the necessary conditions required to 
produce really sharp wedge-fringes. This analysis was first 
carried out by Tolansky (1946), who pointed out that the Airy 
summation strictly holds only for a parallel plate, but if 
certain critical conditions are fulfilled for a doubly silvered 
wedge, then a close approximation to the Airy summation can be 
achieved. The most important distinguishing feature between 
the parallel plate and the wedge is that in the former the 
phase difference between successive reflected beams is constant 
whereas in the latter it alters progressively with the order of 
reflection. It has been shown first by Tolansky (1947) and 
then by Brossell (1947) that the path difference between the 
first and nth beams is 2 nt - 4/3 t, where 6-is the
wedge angle. Thus the phases of beams of higher order gradually 
get out of step with the first beam, and instead of assisting 
the Airy summation series, begin ultimately to oppose it.
"Z p
/Indeed, when h/j;n. t
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is equal to 2 9 such a he am tends to destroy the condition 
of sharpness. In order to realise the Airy summation 
condition, Q- ^  t must therefore he made very much
smaller than V 2 , i.e. t should he made as small as 
possible. In practice it is found that this must be of the 
order of a few wavelengths, otherwise the fringe definition 
suffers considerably. *
Linear displacement of the beams.
When the surface under study has a complex topography, 
the displacement of the beams becomes a matter for great 
consideration. If confusion due to beams from different 
topographical features meeting at arbitrary points is to be 
avoided, it is absolutely essential to arrange conditions such 
that the effective beams come from a small region. The higher 
order beams come from regions progressively farther away from 
the first beam. To a first approximation the linear séparat- i 
ion on the wedge surface between the first and nth beams is
d = 2n (n +1) t 0- . Thus it is clear that t must be reduced
to as low a value as possible if the fringe pattern is to give
a correct picture of the surface topography.
Collimation errors.
Another important factor that determines the fringe 
shape is the angle of incidence. It has been assumed up to 
now that a strictly parallel beam is used. In practice this 
is impossible to achieve. The finite size of the source
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together with lens imperfections lead to a range of angles of 
incidence and this produces fringe broadening. For normal
Pt
incidence the order of interference for a gap t is n = /^
For incidence at angle this diminishes to n - dn = (^V a  ) 
cos ^  in which dn represents the broadening as a fraction of 
an order. Thus dn = (1 - cos JzS ) = ^ ^  2 sin^
and as ^  is small, dn = ( V a )  ^  Thus the change in order,
i.e. the broadening is proportional to t . So it becomes
D
necessary to keep t as low as possible.
Thus, to sum up, the experimental conditions for the 
production of highly sharpened multiple-beam Fizeau fringes 
are :
(1) The surfaces of the interferometer should have a 
high reflectivity with minimum absorption. This is usually 
achieved by coating the surfaces with a thin layer of silver 
or a multilayer with alternating quarter wave thick zinc 
sulphide and cryolite.
(2) The film must contour the surface exactly and be 
highly uniform in thickness.
(3) Monochromatic light must be used.
(4) A parallel beam should be used (within a 1° - 3^ 
tolerance).
(5) The incidence should preferably be normal.
(6) The interfering surfaces must be separated by at 
most a few wavelengths of light. <
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The last mentioned condition is the most important 
condition which chiefly controls the sharpness of the fringes. 
Once this is achieved the optical conditions^ as Tolansky has 
emphasized in his hook, look after themselves, and as a result 
extremely sharp multiple beam interference fringes are obtained.
In the present investigation, two types of interference 
fringes viz: (l) Fizeau fringes of equal thickness and (2)fringes 
of equal chromatic order have been used.d
Fizeau fringes.
The experimental set-up for the production of Fizeau 
fringes is shown in Fig. 11. A metallurgical microscope is 
adapted so that the image of the light source is formed in the
back focal plane of the objective 0 . The light emerges from
the objective as a parallel beam and falls normally on the 
interferometer X . The objective 0 forms an image of the 
fringes in the image plane of the microscope. From a knowledge 
of the displacement in the fringes, the topography of a surface
can be evaluated. Whether a surface feature is a hill or a
valley may be decided by these fringes; but the unique way of 
doing this is by the fringes of equal chromatic order.
Fringes of equal chromatic order.
These fringes were first described by Tolansky (1945) 
and have many advantages over the Fizeau fringes. For the 
production of these fringes a white-light source and a spectro­
graph are used. In this alternative technique the two silvered
o
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surfaces are placed as before, as close together as possible.
The expression controlling the fringe shape is given by the 
same Airy formula. The restrictions concerning both colli­
mation and phase condition are the same as for the Fizeau 
fringes. In spite of the fact that no monochromatic light 
is used these fringes are inherently sharper than the Fizeau 
fringes. A most important advantage is that the separation, 
resolution and sharpness are virtually independent of the 
magnification of the microscope. They are affected only by 
the separation of the two surfaces and by the power of the 
spectrograph (Spectroscopic dispersion). Thus high magni­
fications can safely be used with no reduction in sharpness, 
which is not the case with Fizeau fringes.
The optical set-up for the production of these, 
fringes is shown in Fig. 12. A is a white light source which 
illuminates the aperture 0 by means of the condenser lens B • 
The lens D produces parallel light which is incident normally 
on the interferometer E . The lens F projects an image of 
the localised fringes on to the slit G- of the spectrograph.
The fringes appear at H. The slit is used to select a line 
section of the interference film.
The formula governing the formation of these fringes 
is n A  = 2 t cos ^  . If = 1 and <p = 90^, then
n A = 2 t  or Y = § = constant. Thus fringes of equal chromatic
t g
order represent curves of equal • A small variation in the
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interferometric gap t will cause a change in the wave­
length such that
At = I a X
It is clear from the above relation that a fringe 
shift towards the red end indicates a valley and a shift towards 
the violet a hill.
Each point on any one fringe corresponds to a 
different path length (t) in the film, yet each contains the 
same number of waves for the wavelength varies regularly from 
point to point to compensate for variation of t . If t 
varies in a complex manner, the fringe shape follows it faith­
fully. The spectrograph slit is in effect selecting a narrow 
section of the interference system and each fringe is a contour 
of the variation of t in that section. Since each fringe 
order corresponds to the same line section, the shape of all 
the fringes is the same only limited by the chromatic dispersion 
of the spectrograph and the relative reflection coefficients of
I
the silver films in different wavelength regions.
3» Light-Profile Microscopy.
This technique was developed by Tolansky (1952) for 
the measurement of surface profiles and height-depth measurement 
of small elevations or depressions. It enables magnifications 
up to X 2,000 to be used simultaneously, both across the surface 
in extension and also in depth. Further, details of the order 
of half a light wave (say 2,500 R) both in extension and in
FR-3 . 13,
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depth, could easily he resolved, when it is employed with' a 
good oil-immersion microscope objective.
The principle of* this technique can be illustrated by 
considering a staircase with a horizontal hand-rail. If this 
is illuminated from the side, then a shadow of the hand-rail is 
cast on the step. But because of the step this shadow is broken 
and there is sideways displacement from step to step. A 
simple geometrical relation exists between the displacement, 
the angle of illumination and the step height. - Knowing the 
angle of illumination, and the actual value of the displacement 
one can easily calculate the height of the step. Further the 
direction of displacement of the shadow enables one to decide 
at once whether a surface feature is an elevation or a 
depression.
The above principle can be applied to any standard 
metallurgical microscope. Fig.13 shows the actual experimental 
set-up. A is a monochromatic source which is very necessary 
as off-centre illumination brings in severe chromatism. is 
the condensing lens, is a diaphragm and is the field iris. 
The profile is placed in the focal plane of the field-iris.
The profile consists of a fine scratch on a glass or a mounted 
thin wire or the edge of a coverslip. The metal tongue reflect­
or M produces the off-centre illumination. Objective 0 
up to 2 mm. (oil immersion) can be used to obtain high magni­
fication. E is the eyepiece where the image is seen. In
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actual practice, the surface X to he studied is first 
focussed and then the profile is adjusted until its image is 
in the plane of the surface of the specimen. The profile 
magnification is shown to he ^ where i is the
h
angle of incidence of the illuminating pencil of light, ^  is 
the refractive index of the medium surrounding the surface and 
M is the microscope magnification. For practical purposes 
the profile constant ^ is obtained by interferometric 
calibration.
The two systems, interferometry and light-profile 
microscopy overlap in that the coarser interferometric range 
is the finer light-profile range. Thus the light profile is 
an ideal continuation on the coarser side.
CHAPTER VI.
- iyiâK!>rpr)--n'RPngiTIOlT OF TIN-mOKBL AHD TIN-COPPBH AI.T.OYS.
1. Introduction." I
Tin is an expensive metal. By alloying it with 
other metals, not only a saving in tin hut many other 
advantages are also achieved. So serious attempts have 
been made in the last two decades or so to co-deposit tin 
with other metals. Prior to the nineteen-thirties tin-lead 
and bronze v/ere the only tin alloys deposited on a commercial 
scale. Since then, processes have been developed for the 
deposition of tin-nickel, tin-zinc, tin-cadmium, tin-cobalt, 
tin-antimony, tin-copper-zinc and tin-copper-lead alloys.
■ Of these various alloys, the hardness properties of tin-nickel 
and tin-copper alloys have been studied and they are reported 
in this thesis. It is proposed to discuss briefly in this 
Chapter the electro-deposition of these two alloys.
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2. Tin-Nickel plating process.
The process for co-depositing tin and nickel was 
discovered in the laboratories of the Tin Research Institute, 
in the course of investigating the possibility of hardening 
electro-deposited tin by adding nickel to it. The co-deposition 
of tin and nickel was first reported by Monk and Ellingham 
(1935) who obtained deposits containing 15-30 per cent of 
nickel from baths containing sodium stannate and potassium 
nickelo-cyanide. It was found possible to deposit bright 
plate up to 0.0005" thick, but thereafter the deposit became 
matt. Moreover, the cathode efficiency of the process was 
very low except at current densities of 2-5 amps./sq.ft. On 
account of these limitations- and also due to the difficulty in 
controlling the bath, this process has not gained any 
commercial importance. The process developed in the Tin 
Research Institute by Parkinson (1951) yields a unique electro­
deposit now commercially used in Great Britain, U.S.A., and 
Europe.
The alloy contains about 65 per cent of tin and 
35 per cent of nickel, proportions which correspond very 
closely to equal numbers of tin and nickel atoms. It is a 
single-phase intermetallic compound having the formula NiSn.
The striking feature of this compound is that it is not found 
in the thermal equilibrium diagram (Pig.14) for tin and nickel, 
nor is it possible at present to make it by any means other
l 4 “ Th<* iin -n ickè / tqu ihbnu m  diagram  accotdtt%i to N*al
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than by electro-deposition.
As tin and nickel are far removed from each other 
in the electrochemical series, it is not possible to co­
deposit them from mixed salt electrolytes. So a complex 
electrolyte is necessary, and the most suitable complexing 
medium so far found is the fluoride ion. The composition 
and working conditions for the tin-nickel electrolyte are 
given in the table below
Stannous chloride (Sncl^# 2H^) ... 50 gm. per litre
Nickel chloride (Nicl^. ... 250 " " "
Ammonium bifluoride (NH^P»HP) ... i|.0 " »» "
Ammonium hydroxide solution 
(NH3 1>% Sp. gr. 0.880) ... 35 ml. per litre
Working temperature ... 70°G. (158°P)
pH ... ... ... 2.5
Cathode current density .. ... 24 amp. per sq.ft.
Anode current densities :
Tin ... ... Not less than 50 amp. 
per sq.ft.
Nickel ... ... 10-15 amp. per
sq.ft.
The electrolyte is corrosive and all parts of the 
plating equipment likely to come into contact with the 
electrolyte must therefore be properly protected. Nickel, 
some plastics, e.g. Perspex, Polythene, and certain rubbers 
are not attacked by the solution. For plating the small
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specimens used in the present work, one litre polythene beaker 
was used as the container for the electrolyte. For plating 
large specimens, the plating tank recommended is steel lined 
with suitable rubber. As the electrolyte is operated hot 
some means of heating the solution must be provided. This 
may take the form of an external water jacket, or alternatively, 
internal electric immersion heaters or steam coils may be used. 
Internal heaters must either be of solid nickel or of steel
a
that has been very heavily nickel plated. During the present 
investigation, the temperature of the plating bath was thermo­
statically controlled.
Alloy anodes (preferred composition 72 per cent tin,
28 per cent nickel, as 65 per cent tin, 35 per cent nickel are 
brittle) or separate tin and nickel anodes can be used. The 
specimens used in the present study were plated by using 
separate tin and nickel anodes on separate circuits.
In practice the Sn^ slowly oxidises to and
is replenished by the addition of ammonium bifluoride and 
stannous chloride. For each gram of stannous tin below 
25 grams per litre, 2 grams per litre of stannous chloride and 
2 grams per litre of ammonium bifluoride are added. This 
addition is adjusted to pH 2.5 with ammonia solution before 
mixing with the main solution. Stannic tin slowly builds up 
as the solution ages. This is not harmful as stannic tin 
plays no part in the deposition of the alloy. Successful
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plating of tin-nickel is found to depend on maintaining the
stannous tin and fluoride contents of the electrolyte at or
just above the recommended concentrations. Deficiency in
either stannous tin or fluoride leads to very poor deposits.
The minimum safe fluoride content is determined by the amounts
of stannous tin and stannic tin present. Davies (1954) has
shown that tin and fluoride complex as follows :
each Sn^^ with 4 fluoride ions,
I Vand each Sn with 6 fluoride ions,
so that as long as these conditions are satisfied, bright 
deposits will be obtained.
3» Properties of Tin-Nickel Alloy plate.
The properties and behaviour of tin-nickel alloy 
plate are quite different from those of its constituent metals. 
The most outstanding property of the plate is its resistance to 
atmospheric tarnishing. Although tin or nickel plated alone
will tarnish the alloy will not. In fact the deposit
" ' •-j. ’ ^
is fully as tarnish-resisting as chromium.
Another outstanding property of the plate is its high
corrosion resistance. It is immune from attack by many
corrosive media. In thicknesses of 0.001 inch and upwards, 
the deposit is more corrosion resistant than either of its 
constituent metals; it loses much less weight than nickel when 
exposed to such chemical or food processing plant acids as 
nitric, sulphurous, formic, acetic, citric, lactic and tartaric.
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In the range, 0.0005 in. to 0.001 in., tin-nickel is at least 
equal to the same thickness of copper plus nickel, and also 
resists many solutions and atmospheres which corrode both tin 
and nickel alone.
It is characterised by a pleasing faint rose-pink 
tint and complete absence of any blueness associated with 
chromium. On bright under-surfaces (even if irregular) thin 
deposits plate brightly. If the work surface is dull, or if 
a thick deposit is required, buffing brings out a high lustre.
The plate is much harder and more durable than either 
tin or nickel. Its D.P.H. is 710. Being an intermetallic 
compound, it is somewhat brittle, but the brittleness is not 
sufficiently great to impair its serviceability. It is not 
possible, however, to fabricate work after tin-nickel plating.
The alloy is non-raagnetic. This property encourages 
its use in timing devices, and on analytical balance weights,
(Bigg and Burch, 1954) *
Tin-nickel may be deposited direct on copper and 
copper-base alloys. On steel, a copper undercoat is 
recommended. Aluminium and zinc-base alloys cannot be plated 
direct but must first be plated with copper. For most purposes 
a deposit thickness in the range 0.0005 to 0.001 inch will be 
sufficient. For purely decorative purposes, where there is 
little wear or abrasion, a thicloiess of 0.0003 in. will ensure 
lasting resistance to tarnishing.^ W j p
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4. Advantages of Tin-Nickel.
One very great advantage of the tin-nickel plating 
process is that control of deposit composition hardly arises.
The composition of the deposit has been found to remain very 
constant irrespective of wide changes in the plating conditions. 
Unless the electrolyte or plating conditions are grossly out of 
balance, the composition of the deposit never varies by more 
than a few per cent. The throwing power of the tin-nickel 
electrolyte is so high that the use of internal anodes is hardly 
ever necessary.
5. . Applications.
Tin-Nickel can be used as a decorative and protective 
finish on many articles that are normally finished in nickel 
or nicke 1-chromium. The alloy coating is equally suitable 
for use indoors or out-of-doors. At the present time it is 
being used for finishing cutlery, and other tableware, metal 
ornaments, scientific and surgical instruments, costume 
jewellery, electrical fittings, v/atch parts, etc.
6. Tin-Copper Alloys.
------------  —  9 o / C u . - / 0 / . S w
Alloys of tin and copper in the 9(% S» range are, of 
course, the commercial bronzes and are used on a very large 
scale. The electro-deposition of these alloys has been 
practised for the last 30 years or so. Two types of bath have 
been developed for plating these alloys. One is comprised 
principally of copper cyanide and sodium stannate. The other
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is a solution of copper cyanide and stannous pyrophosphate 
with additives that promote dissolution of alloy anodes and 
brighten the plate. Both baths exhibit excellent throwing 
power.
For preparing the tin-bronzes of various compositions
whose hardness properties are reported in this thesis the
copper cyanide-sodium stannate bath was used at temperatures
ranging from 65-70^C, the cathode C.D. 30 amp/sq.ft.
0
This bath could easily be adjusted to give the wide composition 
range (10-8^ Sn) with the solutions having the following 
compositions :
Solution I. (10-10.5^ Sn)
Tin ... ... • • • 11.5 gms/litre.
Copper ... ... # # e 24 11 11
Free Sodium ^droxide 9 • • 10 It It
Free Sodium cyanide ... * # e 15 11 It
Solution II. (12.5-13% Sn)
Tin ... ... ... # # # 11.5 gms/litre.
Copper ... ... # # » 24 It It
Free Sodium hydroxide e # # 8.5 It It
Free Sodium cyanide ... # # # 18 It It
Solution III. (20-21.8% Sn)
Tin ... ... ... m m m 36 gms/litre.
Copper m s... ... ... 24
It It
Free Sodium hydroxide • • • 21 It It
Free Sodium cyanide 15.5
It It
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Solution IV. (27.5-28»2^ Sn).
Tin • • •
• • # # # • •Copper
Free sodium hydroxide 
Free sodium cyanide ••• 
Solution V. (47-49^ Sn)
Tin ••• ••• •••
Copper ••• ••• •••
Free sodium hydroxide 
Free sodium cyanide •• • 
Solution VI. (57-5% Sn)
• • • • # * #Tin
Copper ••• ••• •••
Free sodium hydroxide 
Free sodium cyanide • • • 
Solution VII. (63.% Sn)
• • •  • • •  • • •
• • • •
Tin 
Copper 
Free sodium hydroxide 
Free sodium cyanide ••• 
Solution VIII. (85-86,%
Tin ••• ••• •••
Copper ••• ••• •••
Free sodium hydroxide 
Free sodium cyanide ..
33 gms/litre 
25 " "
10 " »
15 " tt
48 gms/litre 
12 "
16 "
15 "
49.5 gms/litre
10.5 " "
11.5 " "
17 " "
52 "
11 " 
8 " 
15.5 "
52 "
8 " 
10 " 
20 "
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The solution was held in a 5-litre pyrex heaker.
With the exception of the 10 and 12.5^ Sn alloys, the rest 
were deposited using separate tin and copper anodes, the tin 
anode being in the polarised or filmed condition* The 
deposits containing 10 and 12.^ Sn were prepared by using 
cast alloy anodes of the same composition as the deposits.
The properties of the bronze coatings depend on the 
alloy composition. The deposit containing between 1% and 1 %  
of tin is golden yellow in colour, ductile and about three 
times as hard as matt copper plate. It has a fine grain 
structure and is easy to polish. The coating with 17 to 22^ 
tin is slightly harder and is pale yellow in colour. The 
alloy is again fine grained and polishes easily.
These bronze alloys can be used in place of copper 
or nickel for decorative chromium plating, the alloy containing 
12^ tin being most generally used. The chromium can be 
applied to the polished bronze surface. Salt-spray and
outdoor exposure tests have shown that these bronze coatings 
under chromium are superior to either copper, nickel or copper 
and nickel coatings of similar thickness. Further these 
tests have demonstrated that bronze alloy, plate protects steel 
better than copper and/or nickel plates.
7" Speculum.
Speculum was the name given to the metal mirrors 
cast from tin-rich bronzes in ancient times. But cast ,
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speculum metal, although, valued for its brilliant and true 
reflection of colours, is too brittle for general use and 
therefore of little commercial importance. Considerable 
interest in speculum v/as aroused by the development by the 
Tin Research Institute in 1939 of an electrolytic process 
which has made this ancient alloy to enter a new and wide 
field of usefulness. The name speculum has been retained 
for these electro-deposited alloys; alternatively they are 
sometimes called white bronzes.
Electro-deposited speculum metal is an alloy 
containing from 40 to 45 per cent of tin and the balance 
copper; the preferred composition is 42 per cent tin, 58 per 
cent copper.
The specimens (41-4^ Sn) used for hardness tests 
were plated from a bath of the following composition.
M
Sodium stannate, NapSn(OH)r 
(Tin metal) ...
Copper (l) cyanide, CUCN 
(Copper metal) ...
Free sodium hydroxide
Free sodium cyanide ...
95 gms/litre
4o " "
11 " 
8 "
15 "
16 "
M
The electrolyte was held in a tank of welded steel 
and was operated at 65^C, the cathode current density being 
30 amp/sq.ft. Since alloy anodes of the same composition as 
the deposit become passive, correct rate of replenishment of 
the metals in the bath was secured by using pure copper anodes
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and pure tin anodes connected in parallel circuits. To ensure 
that the tin was dissolved wholly in the stannic form, the tin 
anodes were filmed before use. Three-quarters of the total 
current was passed through the tin circuit, one-quarter through 
the copper circuit; current density on the tin anodes was main­
tained at about 17 amp/sq.ft. and on the copper anodes at 
8 amp/sq.ft.
The permissible range of cathode current density is 
from 15 to 30 amps per sq.ft. The upper limit is recommended 
for general purposes. At 30 amp/sq.ft. the efficiency is about 
60 per cent and a thickness of 0.001 inch of speculum is 
deposited in* 35 minutes. '
Electro-deposited speculum does not tarnish; it 
resists corrosion by acids and alkalis and is unattacked by 
most food products.
The alloy has a pleasing silvery-white colour and is 
readily polished to a high lustre; when polished its coefficient 
of reflectivity approaches that of freshly deposited silver.
It can be plated directly on most ferrous and non-ferrous metals 
and alloys. It is eminently suitable for the majority of 
indoor protective and decorative applications.
The coating is compact and non-porous, so that a ^
high degree of protection is given by a comparatively thin 
coating. As deposited, it is never fully bright, but tends 
towards brightness when thin and on a polished substratum. Its
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hardness is intermediate between that of chromium and that of 
nickel. It has high abrasion resistance and is not easily- 
scratched during use and does not chip or flake.
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CHAPTER VII.
EXPECT OP THICKNESS (OF THE DEPOSIT) ON THE HARDNESS 
CF ELECTRO-DEPOSITED TIN-NICKEL ALLOY ON BRASS.
1. Introduction.
Difficulties usually arise when the hardness of thin 
electroplated coatings on softer metal hases is required.
This is because the indicated hardness value of the deposit is 
markedly affected by the underlying metal unless the deposit 
is relatively thick. Even then, there is no means of ensuring 
that the hardness of the thick deposit will be the same as 
those of the thinner coatings usually employed in practice, 
since it is v/ell known that the conditions of deposition have 
a profound effect on hardness. This in fact, raises an 
important question as to how far the influence of the under­
lying metal base extends. So with a view to studying some of 
these points in the case of Tin (6%) - (Nickel {!>%) alloy 
coatings, micro-indentation hardness tests employing the 136^ 
Vickers Diamond pyramid indenter as well as the Double-cone 
indenter were carried out.
2. Preparation of Specimens.
For hardness tests it is a great advantage if the 
surface of the deposit is bright and smooth. Fortunately the 
tin-nickel alloy deposit comes out bright from the bath if the 
basis metal is bright and it does not require any subsequent 
polishing. Moreover, Tolansky (1951) has shown that tin- 
nickel alloy deposit faithfully reproduces the surface and
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hence the final surface depends on the quality of the substrate. 
In order to get therefore a bright and smooth deposit, great 
care was taken in preparing the base plate. The base plate 
used was brass.
From a large, fairly thick (about inch) sheet
of brass, several small square (0.8" x 0.8") plates were 
carefully cut. Before deposition each plate was finely 
polished on one face to obtain a highly reflecting, flat and 
scratch free surface.
In detail, the brass plates were polished in the 
following manner. The surface was first ground down with 
successively finer grades of emery paper and then chemically 
polished in a mixture of 1 part of glacial acetic acid, 1 part 
of phosphoric acid and 2 parts of conc. nitric acid, as 
described by Schadlen and Burke (1955)* After chemical 
polishing, the surface was further highly polished on selvyt 
cloth fed first with a commercial metal polish, (namely. 
Bluebell) and then with a silver polish (gilvo). Final polish­
ing was carried out on 6 ^  and then 1 ^  diamond-fed wheels.
To ensure uniform coating over all the surface the 
brass plate was suitably mounted in a brass frame, the whole 
serving as the cathode during electro-deposition. As adhesion 
and smoothness of the deposit depend upon a proper cleaning of 
the basis metal, the brass plate with the frame was subjected 
to a thorough cleaning cycle to remove every trace of grease.
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dirt, oxide, etc. from its surface. This was done by cathod- 
ically degreasing it in a hot bath containing trisodium 
phosphate and sodium meta-silicate and then rinsing it in 
running water. This operation was repeated several times till 
an unbroken film of water remained on the surface. After 
having thus thoroughly cleaned the surface, the whole frame 
with the plate was kept suspended in distilled water so as to 
avoid any dust, dirt or any other matter from the atmosphere 
becoming attached to its surface. It was removed from 
distilled water only when it was required for plating.
Three thicknesses, namely, 0.002", 0.001" and 0.0005" 
of tin-nickel alloy coatings were plated, the plating condit­
ions being current density 2h amp./sq.ft., pH. 2.5, temperature 
70^0. • Separate tin and nickel anodes were used.
3* Hardness measurement.
Hardness tests were carried out with the 136° Vickers 
Diamond pyramid indenter using the micro-indentation unit of 
Cooke, Troughton and Simms. Fig.15 shows the indentation 
unit in position on the Vickers projection microscope. The 
base plate F is fixed to the microscope stage by two securing 
screws G-, and a beam M is pivoted in an axle bearing at J*. 
To one end of the beam are attached, a circular platform R 
for holding the weights for loading and a collect chuck S 
securing the specimen which is clamped by screw T. The 
hinged screw lock X is used for clamping the lever to the
?*ï
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base plate but when released, the conductor U makes contact 
with a second insulated conductor on depressing the lever at 
this end. When electrical contact is made, a pilot lamp 
illuminates the red glass window lU The diamond pyramid 
indenter is embedded in the front lens of the objective G.
The specimen is placed in the collect chuck S and the beam 
is then balanced by means of the removable counter weights L 
and the adjustable weight H. The flickering of the indicator 
lamp is of great assistance whilst balancing. Under correct 
conditions the contact breaks on gently tapping the main casing 
of the instrument with the fingers. The sensitivity of the 
balance is designed to be 50 to 100 milligrammes. The 
selected load is placed on the platform immediately over the 
centre of the diamond indenter. This is attained by initially 
setting the vertical pin of the load position indicator P , 
before placing the beam on the stage of the microscope. The 
usual range of loading permissible for this instrument is from 
1 to 500 grammes.
After having made all the preliminary adjustments 
stated above, the diamond pyramid indenter objective was 
placed in position in the magnetic chuck of the illuminator 
box of the microscope. After ensuring that the run of the 
fine motion mechanism was near the lower limit, the stage was 
lowered by the coarse motion operating head A until the 
surface of the specimen was approximately in focus and then it
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was sharply focussed by the fine motion screw B . Again the 
fine motion screw was used to raise the indenter objective 
until the diamond made contact with the specimen and lifted it 
sufficiently to break the electrical contact, indicated by the 
extinction of red light. The fine motion was increased at 
the rate of 10 microns/second for a further distance of 5 
microns and the contact was maintained for 15 seconds. After 
this period the fine motion was reversed and the image of the 
diamond impression was observed through a micrometer eyepiece. 
The two diagonals of the impression were carefully measured.
A series of microindentations v/ere made on the sample 
using varying loads. Care was taken to see that the surface 
distortion caused by one indentation did not affect the prop­
erties of the coating at a place where another indentation was 
made. The distance between two neighbouring indentations was 
usually of the order of eight times the diagonal length of the 
square impressions. This in fact was three times the distance 
usually recommended. For polycrystalline solids the British 
Standards Institute (Specification No. 14-27,1931) defining the 
conditions applicable to the use of a 136° diamond pyramid 
hardness test requires that the centre of the impression shall 
not be less than two and a half times the diagonal of the 
impression from any edge of the test specimen and from any 
other impression. The diamond pyramid hardness (D.P.H.) for 
each indentation was calculated from the formula
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D.P.H. = — ^ kg./sq.ram.
where W is the load in kg. and d is the average length of 
the two diagonals of the impression in mm. For each load, 
several indentations were made to cover the limits of 
experimental error.
A specimen of micropolished brass plate used as a 
base was also indented with varying loads and its hardness 
determined. The hardness of the brass plate was found to be 
sensibly constant over the entire surface and over the entire 
range of loads (20 to 1+00 gms) employed in the present invest­
igation. It was found that the D.P.H. value for the brass 
was 125*
1+. Observations.
The specimen having a coating of 50.81 ^  thickness 
of the alloy was^employing a large range of loads (10 to 400 
gms.) The results obtained are given in Table I in which the 
average length of the two diagonals of the impressions corres­
ponding to a given load (column No. 1. ) is indicated in column 
No. 2. The derived hardness values are recorded in column 
No.3. These results are plotted in fig.l6.
It is clear from fig.16 that for this thickness of 
the deposit, the D.P.H. value remains constant over the entire 
range, from 10 to 190 gms, beyond which the indicated hardness 
value of the deposit decreases with increasing load. This 
observed decrease is linear with load and is not a spurious
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effect since it is observed over different regions of the 
specimen. However it may be mentioned that in higher load 
range especially above 250 gms, the diameter of the indentation 
fluctuated from place to place. The constant value of the 
hardness observed over the range (10 to 190 gms) is referred 
to as the real hardness of the deposit.
Similar set of observations were taken for the other 
two thicknesses, namely 25*4 p-and 12.7 ^  . The results of 
these are recorded in tables II and III, and are plotted in 
fig.16. As in the case of 50.81 thick deposit, in both the 
above thinner deposits the value of hardness is found to be 
constant up to a certain load; 50 gms for 25.4 ^  and 15 gms 
for 12.7 ^  . Beyond these respective values the hardness is 
found to decrease with increase in load. It is striking to 
note that the real hardness of all the deposits is the same, 
viz: 710 ± 6. The variation of hardness with load is however 
not similar for all the three cases. It is found that in the 
case of the thickest deposit 50.81 p-", the decrease in hardness 
is almost linear whereas in the cases of 25*4 ^  and 12.7 
thick deposits, the hardness falls more than linearly with 
load initially and then gradually. Finally these hardness 
values tend asyratotically towards the value of the hardness of 
the brass. This tendency is clearly revealed by the thinnest 
deposit. Further it may be noted that the load at which the 
deviation from real hardness value occurs is greater for a
i «, i- S I_  4 — - H ^
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thicker deposit.
To determine the exact depth at which the influence
of the base metal comes into operation, a graph (Fig. 17) was
plotted between the D.P.H. number and the diagonal length (d)
of the indentation which is the direct measure of the depth
of penetration of the diamond pyramid in the plating
h = — X —  --- , where h is the depth of indentation!.
2 j 2  tan 68° /
The depth up to which the indicated hardness remains 
constant for varying thicknesses of tin-nickel plating can 
thus be read from Fig.17» It is seen that this critical 
penetration is directly related to the thickness of the deposit, 
as for example in the case of 30.81 ^  the deviation from 
constant hardness (710) takes place when the depth of pene­
tration is 3*18 ^  whereas in the case of 25*4 and 12.7 ^the 
deviation sets in at 1.642 ^  and 0.79 respectively. These 
figures show that if the thickness of coatings is sixteen times 
the depth of penetration, the measured hardness is character­
istic of the deposit and is uninfluenced by the base metal and 
is. independent of load.
It may be recalled that in the case of chromium 
plating the critical thickness has to be at least fourteen 
times the depth of the indentation according to Peters and 
Knoop (1940).
The independence of hardness with load and thickness 
observed by using the Diamond pyramid indenter reveals the
6k
isotropic nature of the tin-nickel deposits. This fact is 
further strengthened hy the observation with the douhle-cone 
diamond, indenter and also hy the phenomenon of Ring cracking.
TABLE I.
Hardness of Electro-deposited Tin-ITickel Alloy on Brass.
Thickness of deposit 0.'002” (5O.8I M ;  C.D. 2k amp./so.ft. 
pH 2.5 , 70°C.
Load Diagonal length D.P.H.
(gms) in microns J 9 H |  (Kg./sg.mm. )
10 5.29 666 + 14
20 7.21 711 ± 11
.30 8.90 704 ± 9
ko 10.07 726 ± 16
50 11.45 708 + 14
100. 16.10 717 ± 7
150 20.00 695 t 8
200 23.02 701 ± 7
250 26.84 641 ± 16
300 31.11 574 ± 27
350 36.02 501 + 35
Uoo 41.97 421 + 20
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TABLE II
Hardness of Electro-deposited Tin-Nickel Alloy on Brass
Thickness of deposit 0.001" (25*4M ;  G.D. 24 amp./sq.ft 
pH 2.5, 70°G.
Load
(gms)
Diagonal length 
in microns
D.P.H.
(Kg./sq.mm. )
10 5.10 a 726 ± 32
20 7.28 700 ± 11
30 8.85 713 + 27
40 10.23 710 + 15
50 11.49 ■ 704 + 10
70 13.74 686 i 14
100 18.00 574 i 5
120 20.64 • 525 - 10
150 25.16 439 ± 6
200 31.20 382 ± 6
250 37.82 324 ±. 9
300 42.55 307 ± 16
350 48.73 273 ± 15
400 53.78 250 ± 21
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TABLE I I I
Hardness of Electro-deposited Tln-Klckel Alloy on Brass
Thickness of deposit 0.0005" (12.7 ; 
pH 2.5, 70°C.
O.D. 24 amp./:
Load
(gms)
Diagonal length 
in microns
D.P.H.
(Kg./sg.mri
10 5.10
d 711 + 31
20 7.67 635 i 5
30 10.04 553 ± 9
40 12.20 501 ± 14
50 14.41 41+6 i 5
70 18.79 368 ± 6
100 ■ 24.61 304 + 5
150 32.90 258 ± 3
200 41.27 218 ± 2
250 46.65 213 ± 7
300 54.94 184 ± 15
350 62.34 167 ± 11
400 67.56 163 ± 14
H9
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5# Evaluation of Directional Hardness.
Though the existence of variations in hardness with 
direction for several metal crystals has long been known, yet 
published work in this field seems to be little. This may 
perhaps be due to the fact that the older and still widely 
used hardness measuring devices are not well suited for 
measuring directional effects. There exists a wide variety 
of indentation and scratch hardness tests. For indentation 
hardness studies (a) the ball, (b) the right-circular Rockwell 
diamond cone, (c) the square-based Vickers diamond pyramid, 
and (d) the Knoop elongated diamond rhomb are generally used.
Of late (e) the diamond chisel and (f) the diamond double-cone 
have been advocated.
Meincke (1950) has described scratch tests by a 
diamond on single crystals of aluminium, zinc and copper and 
he did find directional variations of hardness. But the 
scratching test is extremely difficult to apply and is liable 
to serious systematic error. The scratches formed are always 
narrow, and the width, which is the required dimension, is 
difficult to measure accurately, partly because of the scale 
and partly of distortion and irregularity of the edges due to 
plough-up of material. Much more serious is the impossibility 
of recognising and allowing for recovery effects. No doubt 
the scratch method is capable of revealing the directional 
hardness variation in a qualitative manner. But for
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quantitative measurement it is unsuitable and so it has to be 
discarded.
The ball indentation, and also the cone, are known 
to produce slightly elliptical impressions on an anisotropic 
material but these are not easily amenable either to exact 
measurement or to clear interpretation. O’Neill (1923) 
reported that ball indentations on single crystals of alumin­
ium produced elliptic impressions due to hardness variations
&
in different directions.
In the case of Vickers square-based diamond pyramid/', 
non-symmetrical indents are known to appear on anisotropic 
materials, but these are very difficult to interpret quanti­
tatively, although they certainly do reveal qualitative 
directional differences. Tolansky and Nickels (1949, 1952) 
by applying mult ip le-be am interferometric methods to the 
examination of surface flow around Vickers pyramid indents on 
single crystals of tin revealed the existence of flow anom­
alies closely related to crystallographic directions. The 
indents instead of being square-shaped had two opposite sides 
convex with the other two concave. There was also marked 
surface pile-up in the direction of the c-axis of the crystal, 
irrespective of the orientation of the sides of the indent, 
and to a lesser, but no less striking degree, sink-in in a 
direction at right angles to the pile-up.
The diamond chisel advocated by Meincke (1951) appears
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to be even more unsatisfactory than the scratch test. With 
a chisel the width of a long narrow indent is measured and in 
addition to recovery defects there are serious end-effects. 
Furthermore, the method is restricted to indents of relatively 
large dimension, for clearly the smaller the chisel the more 
serious are the end-effects. Consequently heavy loads are 
often required, involving a strong massive machine.
The Knoop rhomb, described in Chapter III,, produces 
a long narrow rhomb-shaped impression which gives a much 
closer approach to a directional hardness figure than any of 
the above methods. It is reasonable to expect that recovery 
will affect the minor diagonal rather than the major diagonal 
and this is an important advantage. However, it retains some 
of the characteristics of the square-based pyramid.
The double-cone, designed by P. Grodzinski and 
described in detail in Chapter III, appears to be the best 
instrument for studying the directional hardness variation, 
if any, of tin-nickel deposit. In fact, Tolansky and Williams 
(1955) have successfully employed this instrument for direct­
ional hardness studies on single crystals of tin and bismuth. 
Further they have measured the depths as well as the widths 
and lengths of the indents and have shown that recovery effects 
can be very marked both on the depth and width and hardly any 
on the length of the indent. It is therefore clear that any 
observed variations in length of the indent with direction
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(the load being kept constant) should give a true measure of 
variations in directional hardness.
6. Observations with the Double-cone indenter.
For this study tin-nickel alloy deposit of 0.002" 
thickness plated at 24 amp./sq.ft., pH 2.5 and temperature 70°C. 
was used.
The specimen was mounted on the Oooke micro-indentation 
apparatus. Before indentation the specimen was observed 
through a 16 mm. objective and the area to be indented was 
located. The double-cone indenter was then placed in position 
on the Vickers microscope. The stage of the microscope was • 
lowered until the surface of the specimen approached the 
indenter. The indenter was then slowly raised by the fine 
motion screw until the diamond made contact with the specimen 
and extinguished the red light. The fine motion screw was 
increased at the rate of 10 microns/second for a further 
distance of 5 microns and the contact was maintained for 15 
seconds. It was then reversed and the indenter removed. The 
16 mm. objective was placed in position and the indentation 
viewed through a micrometer eyepiece. The length of the 
indentation was carefully measured.
Indentations were similarly made at 30° intervals in 
directions on the surface of the deposit by rotating the stage 
(the specimen rotated with the stage) the angle of rotation 
being given by a scale and vernier. The stage could also be
  ^
moved across or longitudinally. For each angle several indent­
ations were made to cover the limits of experimental error. A 
load of 100 gms was applied throughout the experiment. In 
Table TV are tabulated the lengths of the indentations observed 
over the range 0-180°. It is seen from this table that the 
length of the indentation remains almost the same in all 
directions, thus shovring that there is no directional variation 
of hardness in the case of tin-nickel alloy deposit. The 
double-cone hardness value of the deposit on calculation comes 
out to be 1052 corresponding to a load of 100 gms whereas for 
a similar deposit the diamond pyramid hardness number is 710.
Thus, the above observations with the double-cone 
indenter clearly demonstrate the isotropic nature of the tin- 
nickel alloy deposit.
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TABLE IV .
DOUBLE-COHE II-IDEHTATIOIIS ON TIN-NICKEL ALLOY DEPOSIT 
(Load 100 gms; Thickness of deposit 0.002")
Direction Length of indentation 
in microns.
Average length
0° 63.63 
65.45 
64.55
63.63
64.315
30° 64.55
63.63
63.63 
66.36
64.542
60° 64.55
62.72
63.63
61.81
63.180
90° 63.63
63.63
64.55
64.55
64.090
120° 66.36
64.55
62.72
62.72
64.090
150° 66.36 
63.63
64.55
64.55
64.770
180° 61.81
63.63 
65.45
63.63
63.630
< .
Hardness (mean) = 1052 Kg./sq.mm.
X 24-0
r
x^40.
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7* Surface distortions round Indentations»
The various mechanical and interferometric methods used 
to study the surface distortions round hardness test indentations 
were briefly reviewed in the section on "Piling-up and Sinking- • 
in" in chapter III. In view of the high sensitivity of multiple- 
beam interference methods it appeared worth while to investigate 
(using such interference techniques) the surface distortions 
produced by pyramid indentations on tin-nickel alloy deposits.
It may be pointed out that the surface of the plating 
is not flat, but has undulations of the order of 1000 As a 
result, high accuracy obtainable with multiple-beam interference 
techniques could not be achieved in the present case. However, 
these methods clearly reveal the nature of the surface distort­
ions round the indentations made on these deposits.
Figures 18 and 19 show the Fizeau fringe patterns 
around indentations made on a tin-nickel alloy plate, using 
loads of 1+00 and 300 gms. respectively. These high dispersion 
fringes were obtained with the reference flat almost parallel 
to the surface. The piling-up phenomenon round the indentation 
is clearly revealed by loops of fringes on the four sides of the 
indentation. Further the following features are apparent from 
these figures
(i) The surface distortion is maximum near the centres of 
the sides of the square indentations whereas it is minimum along 
the diagonals. In other words, the maximum flow occurs along
Fùg.zo X !3o.
peg .XI. Xljo
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the medians while the minimum flow takes place along the 
diagonals.
(2) The distortion increases with load.
(3) The distortion extends beyond the geometrical limits 
of the indentations; the linear extension being about tv/ice the 
diagonal.
(4) The curving round of the fringes on approaching the 
indentation edge reveals two important facts - (i) the top of 
the piled-up material is a little away from the geometric edge 
of the indentation and (ii) there is a slight drop from this 
top dovm to the edge of the indentation.
(5) The indentation outlines exhibit a slight concavity.
The distribution of flowed material is beautifully
shown by the white-light fringes of equal chromatic order taken 
across a median section, bisecting opposite faces of the indent­
ation made with 400 gm. load. ' These are shown in fig.20, each 
fringe being a repeat profile of the one selected section.
These fringes show that the surface rises gradually from the 
general level of the plating to a maximum height of about 0.26 
and then falls off towards the edge of the indentation. The 
total linear extension of the distortion extends to about twice 
the diagonal of the indentation.
Pig. 21 shows fringes of equal chromatic order over 
the indentation made with 300 gms. load. The same general 
features as noted with 400 gras, load indentation are observed
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here also hut in .this case the piling-up is naturally smaller 
and it is of the order of 0.21
The outline of the indentation is not a square hut 
exhibits concavity. It is known that in general, convexity 
is accompanied by piling-up and concavity by sinking-in. The 
degree of concavity is appreciable here, as can be easily seen 
from figures 28 and 29. These observations therefore show 
that concavity can appear associated with small scale piling-up. 
The same phenomenon has been observed by Tolansky and Nickols 
(1952) round pyramid indentations in tungsten carbide and steel. 
According to them, concavity could be caused by elastic recov­
ery and so v/as not necessarily indicative of sinking-in. It 
would be appropriate to quote here their explanation of this 
phenomenon. - "Initially, during the indentation and whilst 
the diamond is embedded, any piling-up must lead to convexity.
On withdrawal of the pyramid if there is considerable elastic 
recovery, the face centres, wliich suffer the greatest strain 
effect, recover back more than the corner regions and can well 
overcome the convexity and produce concavity. This can 
explain then the simultaneous appearance of concavity and 
slight piling-up. Because of the high interferometric magni­
fication the piling-up in the figures appears appreciable, 
whilst it is in fact on a very small scale."
It may therefore be concluded that in the case of tin- 
nickel alloy deposits also the concavity associated with piling-
# # "wa
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up is due to elastic recovery and is not due to a simple 
geometrical conformation of the alloy contacting the diamond, 
for such a conformation alone must produce convexity with 
piling-up.
In addition to the above surface distortions, in the 
case of thin deposits, ring cracks were usually observed round 
the indentations. Pigs. 22 to 25 show the microphotographs 
of the surface round the indentations on 0.00025" thick 
coating for loads 50, 70, 100 and 200 gms. respectively. It 
may be seen that the crack develops at 50 gms. and below this 
load there was no cracking. On further increasing the load 
to say 70 gms. the ring tends to complete itself thus 
indicating uniform surface distortion and conseq.uently iso­
tropic character of the coating. This of course was inferred 
from the constancy of the hardness numlDer with load and 
different orientations of the indenter. At load 100 gms.
(fig.24) multiple ring cracks are seen to develop round the 
indentation. A further increase in load leads to greater 
multiplicity as well as irregular cracking. Pigs. 26 to 29 
shov/ similar phenomena with a little thicker (0.0005") coating. 
As is to be expected, cracks were initiated in this case at 
higher loads. In the case of very thick deposits, no ring 
cracks were observed within the loads which can safely be 
applied on the micro-hardness tester.
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8. Summary
The real D.P.H. value of the tin-nickel alloy deposit, 
plated at 24 amp./sq.ft., pH. 2.5, temperature 70^0., is 
found to he constant (710) for all the thicknesses studied.
In each case, after a certain load which is characteristic of 
the thickness of the deposit, the indicated hardness decreases 
with the load initially rapidly and then gradually, finally 
approaching the value of brass. It is found that so long as 
the thickness of the deposit is more than sixteen times the 
depth of penetration of the indenter, the hardness is 
independent of load revealing the isotopy as well as the 
homogenity of the material. Piling-up phenomenon is usually 
revealed round the indentations; in the case of thinner 
deposits ring cracks develop. At very high loads, the 
hardness is found to fluctuate v/ith the region of the specimen. 
This is studied in greater detail in the following chapter.
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CHAPTER VIII.
THE STRUCTURE AM) HARDIŒISS OF ELECTRQ-DEPOSITKD TIH-HICKBE ALLOY.
1. Introduction.
The hardness of electro-deposits has been found to 
depend upon such factors as current density, temperature of 
the plating solution, presence of addition agents or foreign 
metals, pH of the plating solution, nature of the solution and 
various anions and cations present. Thus for example the 
hardness of chromium plate is found to depend on the rate of 
deposition of chromium when all other factors such as temper­
ature, pH, chemical composition, etc., remain constant. In 
the case of Nickel, using the Watts bath, a minimum hardness 
was obtained at a pH of 3, above and below which harder deposits 
were obtained. At a given pH and current density in the Watts 
bath an increase in temperature decreases the hardness.
Further it is also known that the conditions of electrolysis 
have a distinct effect on the structure of the deposit. In 
this chapter a detailed account is given of a study carried out 
on the hardness and structure of Tin-Nickel Alloy (6% tin) 
electro-deposits prepared under different operating conditions. 
Hardness measurements on the different deposits were done with 
the 136^ Vickers Diamond pyramid indenter.
2. Preparation of the Deposit.
The deposits were made on small square (0.8" x 0.8") 
brass plates. Before deposition each plate was finely
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polished on one side in the manner described in detail in 
the previous chapter. Then it was thoroughly cleaned to 
remove dirt, oxide, grease, etc. from its surface. In short, 
all the details outlined in the previous chapter for the 
preparation of the base plate were strictly adhered to.
According to the publication of the Tin Research 
Institute on Tin-Nickel alloy plating, a good tin-nickel alloy 
deposit is obtained by operating at a cathode current density 
of 24 amp. per sq.ft., temperature 70°0. pH 2.5. Further it 
has also been shown that the deposit composition is remarkably 
constant over fairly wide ranges of bath composition and 
operating conditions. So in the present investigation the 
plating conditions were kept close to the values specified 
above. By only varying the current density, deposits at .6, 
12, 24 and 36 amp. per sq.ft. were obtained, while all the 
other factors such as temperature (70^0.), pH (2.5), 
composition of the bath, etc., were kept constant. By vary­
ing the bath temperature three specimens at 60°, 70° and 80°C. 
were produced, while the other factors, current density 
(24 amp. per sq.ft.), pH 2.5, composition of the bath remained
constant. By varying the pH of the plating solution, three
4«* Ç
specimens at pH 2.5, 3-h and-5» ^ were deposited at 24 amp. 
per sq.ft. and 70°C. Lastly, from the solution taken from 
the old hath (5 years old) at the Tin Research Institute a 
deposit at 24 anp. per sq.ft., pH 2.5, 70°C. was also prepared
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for comparative study with a deposit made from a freshly 
made-up hath at the same operating conditions.
The thickness of the alloy deposit in all the above 
cases was kept the same, namely 0.002".
3* Effect of current density on Hardness and Structure.
On each of the specimens plated at 6, 12, 2k and 
36 amp. per sq.ft., a series of micro-indentations were made 
with varying loads. Table V gives the values of hardness 
corresponding to the four current densities for loads from 
20 to 1+00 gms. and these values are plotted in Pig. 30.
TABIE V.
Hardness of Electro-deposited Tin-Nickel Alloy on 
Brass at different current densities.
6 amp/sq.ft. 12 amp/sq.ft.
Load
(gras)
D.P.H. . 
(Kg/sq.rara.)
Load
(gms)
D.P.H. - J
(Kg/sg.rara. ) g j
30 582 ± 13 30 666 + 12
50 580 ± 13 50 656.5 ± 24
100 586 ± 2 100 663 + 13
150 575 ± 12 150 6 7 1 + 9
170 552 ± 10 170 661 + 10
200 558 ± 14.5 200 6 4 1 + 3
250 516 ± 19 250 589 + 6
300 502 •+ 8 300 492 + 29
14.00 433 ± 13 350 476 + 18
400 441 + 10
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TABLE V. (Continued)
Hardness of Electro-deposited Tin-Nickel Alloy on Brass 
at different current densities.
^4%^ amp/sq.ft. 3 6  amp/sq.ft
Load
(gms)
D.P.H. 1 
(Kg/aq.mm.) |
Load
(gms)
D.P .H.
(Kg/sq.mm.)
30 704 + 18 20 617 ± 4
50 7 0 8 + 7  J ■ 3  50 601 ± 2
100 714 i 15 604 ±. 18
120 708 + 4 100 587 + 7 J
150 690 + 13 ^ ^ 9 N 120 605 + 3 . g
170 702 + 9 150 600 + 5
200 696 + 5 170 557 ± 5
250 640 + 6 200 488 + 7
500 567 + 42 250 467 + 18
350 532 1 25 300 453 ± 7 - ' ■ : :
400 491 i 25• 350 408 + 1 1
400 402 + 27 | g
The following conclusions can be drawn from Pig. 30 
and Table V.
(1) The real hardness characteristic of the deposit 
varies with the current density and this variation is shown in 
Pig.31. The hardness at first increases with the current
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density, reaches a maximum (710) at 2k amp. per sq.ft. and 
then begins to drop down.
(2) For each current density, the hardness value remains 
constant up to a certain load beyond which its value gradually 
decreases, finally tending towards the value of the hardness 
of brass. Keeping the thickness of deposit constant (50.81 p^), 
it is seen from Pig.30 that the harder the deposit the higher
is the value of the load at which the deviation from real hard­
ness sets in. This result is to be expected because (a) it 
has been shown in the previous chapter that the deviation sets 
in when the depth of penetration is more than 1/16th the thick­
ness of the deposit and (b) also because the depth of penetration 
for a given load is smaller the harder the deposit. This 
observed decrease of hardness is obviously due to the influence 
of the soft base metal.
(3) The variation of hardness with load, over the range 
20 to 1+00 gms., can in general be divided into three regions 
for each current density. The nature of the variation of 
hardness with load in the three different regions is the same 
for the four current densities; but only the loads that 
determine the extent of each region are different in the four 
cases. These limiting loads are naturally determined by the 
hardness of the deposit. So taking for instance the case of 
2k amp. per sq.ft., the three regions are found to be (i) a 
region zero to 190 gms. (the depth corresponding to 190 gms. is
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l/l6th of the thickness of the deposit) wherein the hardness is 
independent of the load and is constant all over the specimen 
(this hardness has been referred to as the real hardness of the
deposit); (ii) a region initiated at 190 gms. and extending
roughly up to 275 gms. wherein the hardness decreases with 
load and is fairly constant over the specimen and the thickness 
of this region is found to be about 1/50th the thickness of the
deposit; and (iii) a region roughly beyond 275 gms. wherein the
hardness varies with load and also over the specimen rather 
erratically.
The table below shows the values of hardness obtained 
for various loads in the three different regions for a typical 
deposit (thickness 0.002", C.D. 2k amp. per sq.ft., temperature 
70°0., pH 2.5) » The values given under each load are the 
D.P.H. values over different places on the specimen.
Region (i) I Region (ii)
(20 to 190 gms.) I (190 to 275 gms.)
Region (iii) 
(275 to 1+00 gms.)
50 gms. 120 gms. 200 gms. 250 gms. 300 gms. 350 gms. 400 gms.
708 713 692 641 609 533 471
715 704 701 ' 647 1 532 507 501
701 707 698 634 1 571 558 502 # 1
1 525 . 526 517
m
563 510 485
IF 551 558 466
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It may be pointed out that no such erratic variation 
of hardness with load and also a decrease of hardness with 
increase of load were observed in the case of brass plate.
Thus the previous study reveals that the alloy 
deposit, whatever its hardness, can be subdivided into three 
distinct regions: (i) a region 1/16th the thickness of the 
deposit wherein the hardness is independent of load and also 
of the position where the impression is made. This suggests 
that the layer up to this depth is couple te ly homogeneous and
'
isotropic; (ii) a region roughly 1/50th of the thickness of the 
deposit, below the first region; provided the bottom of the 
impression lies in this region though the hardness value is 
independent of the position but is dependent on the load, 
hardness decreasing with an increase in load. This, though 
suggesting the isotopy of the deposit, reveals an influence of 
the underlying layers as well as the base metal; (iii) a 
region below (ii) : if the indenter penetrates this region, the 
resulting hardness values are found to depend on load and also 
on the position where the impression is made. This suggests 
the onset of lack of homogenity in the deposit which is 
immediately above the base metal.
(4) It has been shown in the foregoing chapter that the 
thickness of coatings should be at least sixteen times the 
depth of penetration of the 136^ diamond pyramid indenter if 
the measured hardness is to remain uninfluenced by the base 
metal. This important finding is nicely supported by all the
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current density curves. Let us take for instance the curve 
for 36 amp. per sq.ft. As it is seen from this curve, the 
hardness value (D.P.H. 600) remains constant up to a load of 
160 gms. "beyond which it decreases. So in this case the 
depth at which the influence of the base metal just comes into 
operation is decided by this load of 160 gm. and this critical 
depth is easily calculated from the following two relations:
(1) D.P.H. = W jjg./sg.njn,. and (2) h = — X
d - ■ - ' ' 2 V T  ’’ tan 68°
Where D.P.H. is the diamond pyramid’ hardness, W is the load 
in kg., d is the average length of the two diagonals of the 
impression in ram. and h is the depth of indentation in ram.
On substituting in relation (l) the values for 
D.P.H. (= 600) and W (= kg.), we get
d = 0.02223 mm.
On substituting in relation (2) the above value of
d,
h = 0.003177 mm.
The thickness of the plating is 0.002" or O.O5O8 mm.
so the plating is found to be or 15*99, or 16 times
the depth of penetration of the indenter.
The photomicrographs of the surfaces of the deposits 
at the four current densities are shown in figures 32 to 35* 
The visual appearance (reflectivity), the microstructure and 
the hardness value of the different deposits are tabulated in
' m m
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the table given helow. The roughness of the deposit is
estimated from the average grain size. The grain referred 
to here is not a single crystal hut an aggregate of a large 
number of tiny crystallites, because X-ray study of Tin-Nickel 
Electro-deposits by H.P.Rooksby (1951) has shown that the 
average ultimate crystal size of the alloy is of the order of 
0.05 ^  .
C.D. D.P.H. Visual appearance 
of the deposit
Average size of the 
grains in microns
6 amp./sq.ft. 580 Dull 6
12 It 660 Semi-hright' 3.5
24 II 710 Bright 2.7
36 II 600 Dull 4
Examination of the photomicrographs and the corres­
ponding hardness values shows that the rougher (the larger 
the grain) and duller the deposit, the softer it is. As the 
current density increases, the deposit gets brighter, smoother 
and harder. At 24 amp. per sq.ft., the deposit is brightest, 
smoothest and hardest. Above 24 amp. per sq.ft., the hardness 
decreases, the deposit getting dull and rough.
4* Effect of pH on Hardness and Structure.
Table VI gives the values of hardness corresponding 
to the three different pH values (2.5, 3.4 and 4.5) for loads 
from 20 to 400 gms. and these values are plotted in Pig.36.
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The following points come out of the examination 
. of Fig.36 and Table VI
(1) The real hardness characteristic of the deposit 
varies with pH and it decreases with increase of pH. At 
pH 2.5 the hardness is 710 whereas at pH 4.5 it is only 560.
(2) As with current density, for each value of pH the 
hardness value remains steady up to a certain load beyond 
which its value gradually decreases, finally tending towards 
the value of the hardness of brass. The load at which the 
deviation from real hardness value starts is naturally 
greater for a hard deposit and smaller for a soft deposit.
(3) The variation of hardness with load, over the 
range 20 to 400 gms., was analysed in the case of different 
pH values and the analysis shows that the deposit can be 
subdivided into the same three distinct regions mentioned in 
the previous section.
(4) The fact that the thickness of coatings should be 
at least sixteen times the depth of penetration of the 
indenter if the hardness of the deposit is to remain W  
completely free from the influence of the base metal is 
supported by all the different pH value curves.
Figures 37, 38 and 59 are the surface views of the 
three deposits. The hardness values and the nature of the 
deposits corresponding to the three pH values are given in 
the following table.
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pH DfP.H'. Visual appearance
of the deposit
Average size of the 
grains in microns
2*5 710 Bright
3.4 650 Milky
4.5 560 Matt (very dull
with almost no 
reflectivity)
2.7
4
6.5
The study of the nature of the deposits and the 
corresponding hardness values leads to the conclusion that 
as the pH value of the plating solution increases the 
deposit becomes more and more rough, dull and soft. At 
pH 2.5, the deposit is very bright, smooth and hard 
(D.P.H. - 710) and at pH 4.5, it is very dull, rough and 
soft (D.P.H. - 560).
5. Effect of Temperature on Hardness and Structure.
Temperature of the bath was thermostatically 
controlled and platings were made at 60°, 70° and 80°G. 
Hardness measurements were carried out on these three 
different specimens.
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TABLE V I I .
Hardness of Electro-deposited TIn-Nickel Alloy on 
Brass, at different Deposition Temperatures.
Temperature 60 0. Temperature 70°0. Temperature 80°C.
Load
(gms.)
D.P.H.
(Kg/Sq.mm.)
Load 
(gms. )
D.P.H.
(Kg/8q.mm.)
Load
(gms.)
D.P.H.
(Kg/Sq.mm.)
20 464 ± 23 30 704 + 18 30 708 + 13
40 470 + 8 50 708 ± 7 40 706 + 4
50 458 + 7 100 714 ± 15 50 722 i 14
70 467 i 6 120 708 + 4 70 706 + 12
100 474 ± 11 150 690 & 13 100 724 ± 10
120 469 ± 5 170 702 ± 9 120 709 ± 22
150 437 ± 4 200 696 ± 5 140 709 ± 10
170 394 ± 8 250 640-+ 6 150 707 ± 12 ^
200 376 + 4 300 567 ± 42 170
250 355 ± 7 350 532 ± 25 200
300 381 ± 28 400 491 + 25 250 646 t 5 “
350 350 ± 8 300 587 + 13
400 336 + 18 350 532 ± 30
400 481 ± 45
Table VII gives the values of hardness corresponding 
to ths three temperatures for loads from 20 to 400 gms. and 
these values are plotted in Pig.40. Prom this figure the
following conclusions could be drawn.
(1) The deposits at 70° and 80°C. have the same hardness 
710, whereas a decrease of temperature to 60°C. brings down the
rrrrr
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hardness value to 1+70.
(2) For each temperature the hardness value remains steady 
up to a certain load, beyond which due to the influence of the 
base metal it gradually decreases, finally tending towards the 
hardness value for brass.
(3) Once again the analysis carried out on the variation 
of hardness with load, over the range 20 to 1+00 gms., leads to 
the subdivision of the deposit into the same three distinct 
regions.
(i|.) The observation that the thickness of deposits should 
be at least sixteen times the depth of penetration of the 
indenter if the hardness of the deposit is to remain uninfluenced 
by the base metal is supported by the temperature curves also.
The Figures 1+1, 1+2 and 1+3 are the photomicrographs of 
the surfaces of the deposits at 60°, 70° abd 80°G. and in the 
table below the hardness values and the nature of the deposits 
corresponding to the three different- temperatures are tabulated.
Temperature D.P.H. Visual appearance
\
Average size of the 
grains in microns
60°C. 470 Dull 3.5
70°C. 710 Bright 2.7
80°g . 710 Bright 3
Bath temperature is thus seen to have a distinct 
effect on the hardness and the structure of the deposit. At
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60°G. the deposit is rough, dull and soft (D.P.H. - k70) 
whereas at 70° and 80°G. it is bright, smooth and hard (D.P.H. - 
710). So it seems the effect of temperature on hardness of 
the deposit becomes very marked at low temperatures.
6. Study on deposits from fresh and old Baths.
All the specimens mentioned in the foregoing sections 
were prepared from freshly made-up solution. At the Tin 
Research Institute there is a Tin-Nickel bath which is about 
5 years old. This bath has a capacity of about 65O litres 
with the following composition:-
SnII
IV
2k gms. per litre 
93Sn*
Ni 51
Fluoride 126 
Chlorides - 162 
• Ammonium - 88
Sodium -
pH - 2.5 
Temp. - 65 - 70°0.
The main difference between this old bath and a 
freshly made-up bath is this, that in the old bath due to 
the ageing of the solution the amount of stannic tin is large, 
93 gm. per litre, whereas in a fresh bath the stannic tin 
concentration is very little. The results of the study made 
on the specimens prepared under identical operating conditions
oLtL
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(C.D. 2k amp. per sq.ft., pH - 2.5, temperature - 70^0., 
thickness - 0.002**) from these two baths are presented below,
Bath D.P.H. Visual appearance Average grain size
of deposit in microns
Fresh 710 Bright 2.7
Old 650 Milky 3
Figures kk and k5 are the photomicrographs of the 
surfaces of the two deposits.
. TABLE VIII.
Hardness of Electro-deposited Tin Nickel Alloy on 
Brass. (Fresh bath and old bath)
Fresh Bath Old Bath
Load
(gms.)
D.P.H.
(Kg/sg.mm.)
Load
(gms.)
D.P.H. ' 
(Kg/sg.mm.)
30 701+ + 18 30 61+0 + 30 /
50 70131 ± 7 50 61+1+ ± 1 2  , ■
100 711+ ± 15 100 655 ± 2 1
120 708 + 1+ 150 61+1+ ± 7
150 690 ± 13 170 658 ± 1 3
170 702 ± 9 200 618 ± 3
200 696 ± 5 250 551 ± 8
250 61+0 ± 6 300 1+87 i 21+
300 567 ± 1+2 350 1+86 ± 31
350 532 ± 25 1+00 1+33 ± 36
1+00 1+91 ± 25
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600
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Table VIII gives the hardness values for the two 
cases and Pig.46 the plot of these hardness values against 
load. Prom this Pig. the following points could be gathered:
(1) The real hardness of the deposit varies with the 
nature of the bath from which it is plated. Platings from 
the old bath have a hardness of 650. This decrease is 
possibly due to the presence of a large stannic tin 
concentration in the old bath.
(2) The analysis of the variation of hardness with load 
spread over the range 20 to 400 gms. shows once again that 
the deposit should be divided into the same three regions 
mentioned in the previous sections.
?• Conclusions.
The structure and hardness values of the Tin-Nickel 
alloy deposits are found to be sensitive to each of ,the 
operating conditions of electrolysis, such as current density, 
pH of the solution, temperature of deposition, etc.. There 
appears to be a close relationship between the structure and 
the hardness properties of these deposits. Thus, brighter 
and smoother the deposit, the harder it is. Conversely, as 
the grain size in the deposit increases with a consequent 
fall in reflectivity, it is found that the deposit becomes 
softer. It is interesting to point out that a similar 
behaviour has been observed in the properties of electro- 
deposited chromium ("Protective coatings for Metals*) by
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R.M* Burns and W.W. Bradley and also ’*Ohroraiuin Plating" by 
Bauer, Arndt and Krause).
As a result of this study it has now been possible 
to determine the optimum conditions for the electro-deposition 
of Tin-Nickel Alloy. These are : current density 24 amp. per 
sq.ft ; temperature of bath - 70-80^0., pH - 2.5. Under 
these conditions the deposit is hardest (710 D.P.H.) and has 
a high reflectivity with very fine grains.
Though the change in any of the operating conditions 
affects the structure as well as the hardness properties of 
the deposit, the deposits are still found to be compact and 
homogeneous.
The influence of the base metal on the hardness of 
the deposit can be summarised as follows. It is invariably 
found that as long as the depth of penetration of the diamond 
pyramid indenter is less than l/l6th the thickness of the 
deposit, the measured hardness is independent of the load and 
is the same all over the specimen. If, however, the diamond 
pyramid penetration exceeds this value, the hardness value of 
the deposit is found to depend markedly on the load, though 
for a given load it is still the same all over the specimen.
As a result of the present study it has now been possible to 
determine a limit of penetration of the diamond pyramid beyond 
which the lack of isotopy of the deposit is revealed. Thus 
in the case of Tin-Nickel Alloy, it is found that if the
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penetration exceeds about 1/I2th the thickness of the deposit, 
the hardness is not only dependent on the load but differs 
from place to place over the specimen.
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CHAPTER I X .
STUDY OF CRACKING IN ELECTRO-DEPOSITED 
TIN-NICKEL ALLOY.
1. Introduction. i
i
The cracks which sometimes form in electro-deposits 
give rise to much anxiety for the producers and users of j
plated metal. They are directly troublesome because they . i
I
provide sites at which the basis metal under the plating may !
be exposed to corrosion but they are also an indication that
the deposit is internally stressed, a condition which may  ^
give rise to other troubles.
The elucidation of the fundamental causes of internal 
stress in electro-deposits has over many years been the 
subject of much research, but a good deal remains to be done 
before entirely satisfactory explanations can be offered.
The conditions under which stress is developed cannot yet be 
predicted in advance and it remains necessary to find them 
for any one deposit by direct experiment. In the investi­
gation now described, some of the variations in plating 
conditions which lead to stress, and consequent cracking, in 
deposits of tin-nickel alloy {6% tin) have been studied.
2. Definitions.
If a metal is subjected to compression or tension, its 
dimensions change; it gets shorter or longer. Up to a 
certain point, known as the elastic limit, the compression or
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elongation is directly proportional to the applied load. If 
the load is removed before the elastic limit is reached; the 
metal returns to its original state. The elastic deformation 
is characterized by the equation:-
S = Ee
where S = unit load or stress in pounds per square inch, 
e = ÇLOO X %) deformation or strain (in inch/inch)
E = elastic modulus.
Knowing the elastic modulus for the metal in question and 
having measured the strain, the stress can be calculated as 
long as it is less than the elastic limit.'
The stress can be applied either externally or internally. 
A weighted chain and a loaded beam have externally applied 
stresses whereas a quenched piece of steel and a cold worked- 
piece of metal have internally applied stresses. The 
internal stress in an electro-deposit may be revealed and 
measured by the deformation of the basis metal on which the 
deposit is made.
3. Stress in Electro-deposits.
That stress exists in electro-deposits has been known 
at least since the time when E.J. Mills (1877) observed what 
he called the ’^ electrostrictive" effect. He silvered the 
bulb of a thermometer and then plated on top of the silver. 
With Silver, Copper or Iron deposits, the mercury column in 
the thermometer rose to a higher value than required by the
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ambient temperature. It was evident that these deposits had 
contracted and squeezed the glass bulb. With Cadmium and 
Zinc deposits, the thermometer showed values which were 
slightly low, indicating expansion of the deposits.
It was Stoney (1909) who laid the groundwork for the 
method most generally used since for determining stress in 
deposits. He nickel plated one side of a thin flat strip of 
steel and found that it curved with the nickel on the inside 
of the bend. From the curvature of the bent strip he 
calculated the stress in the nickel. Lately, various methods 
for measuring stress have been developed. In one method, 
the cathode is held rigidly during deposition and allowed to 
curve afterwards. The radius of curvature of the bent strip is 
then determined by measuring the camber (sagitta of the arc) 
with a special gauge or a microscope with a calibrating vernier 
focusing adjustment. This is the method used by Soderberg and 
Craham (1947) and Phillips and Clifton (1947) who developed 
suitable formulas for stress calculations. Another method, 
developed at the Bureau of Standards and reported by Brenner 
and Senderoff (1948) makes use of a spiral metal strip instead 
of a flat strip. Designated as the spiral contractometer, 
this instrument measures displacement caused by stress in the 
deposit during plating, the results being read directly on the 
dial of the instrument.
T.-,
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4. Nature and Magnitude of Stress.
The stress may be either expansive or contractive or 
there may be no stress at all. Chromium, Cobalt, Copper,
Iron, Nickel and Silver are normally deposited in a state of 
tensile stress which may reach 20-40 tons per square.inch in 
chromium, cobalt or nickel; cadmium, lead and zinc deposits 
are generally in compressive stress which, for zinc, continues 
to increase after deposition is finished. The magnitude and  ^, 
sometimes the direction of the stress varies with conditions 
of deposition (stress in nickel can be compressive). Many 
variables, such as cathode current density, temperature, pH, 
composition of the solution, presence of in^urities, addition 
agents, etc. govern the magnitude of the stress.
Phillips and Clifton (1947) found, for example, in their 
study of the Watts type of solution that increasing the nickel 
chloride concentration raised the stress, increasing pH from
2.5 to 5.3 increased the stress, and decreasing temperature 
resulted in an increase in stress except at a pH of 4* They 
found no significant effect of current density between 20 and 
50 amp/sq.ft. They also found that copper deposits from 
cyanide solutions were more highly stressed than those from 
acid solutions. Graham and Lloyd (1948) found wide variations 
in stress of deposits from various copper solutions - variations 
from expansive stresses of 5000 Ib/sq.in. to contractive 
stresses of the order of 15,000 lb/sq.in.
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5. Effects of Internal Stress.
The presence of such a large force in a deposit 
makes itself evident in various ways depending upon the 
magnitude of the surrounding forces. On a hase such as thin 
steel, copper or brass, a stressed deposit will distort or 
warp the base metal. If the stressed deposit happens to be 
formed on a rigid base and is unable to relieve itself by 
warping, it may cause the formation of cracks in the deposit.
On the other hand, if the stressed deposit is unable to 
relieve itself by cracking or by warping the basis metal, it 
may overcome the force of adhesion and thus peel away from 
the base. So the tendency for an electrodeposit to crack, 
curl or peel away from the basis metal or to cause a thin 
basis metal to buckle are evidences of stress.
The presence of stress in a deposit has a direct bearing 
on commercial plating. In steel strip plating, stress 
produces warping or cracking of the deposit. In electro­
refining stress sometimes causes shorts in the tanks by 
buckling the cathodes or curling the deposit. In the fields 
of electrotyping and of electroforming a highly stressed nickel 
causes the warping of either lead or wax moulds and may cause 
curling of the deposit. In plating on surfaces that have a 
low order of adherence such as plastics, aluminium, magnesium, 
etc., the degree of stress in the deposit is very important. 
Further stress is found to have a marked effect on the
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corrosion characteristics of a deposit. .Work by Speller 
(1929) shows that stressed nickel deposits are less resistant 
to corrosion. This is of special importance where the plate 
has to withstand chemical attack in industrial service.
6. Stress and Cracking in Chromium and Nickel.
Cracking of chromium is well-known. According to the 
theory for chromium hydride formation and decomposition 
during chromium plating, the cracks in the plate are the 
result of internal stresses exceeding the cohesive strength 
of the metal. Cracking relieves these stresses to the point 
where they are no longer of sufficient magnitude to extend 
the cracks. Invariably thick plates are found to be cracked 
and all contain residual internal stress. Thin plates may 
contain even higher stress and may not get cracked because 
they are restrained from cracking by the basis metal. Brenner, 
Burkhead and Jennings (1947) have reported stress values as 
high as 80,000 Ib/sg.in. for very thin chromium deposits which 
were not cracked. Thicker plates having an internal stress 
of the order of 17,000 Ib/sq.in. are found to be cracked. 
Plates from a dilute bath at 85°C. have been found to be 
cracked little, even though the stress value was about
64,000 Ib/sq.in.
The cracking of bright nickel deposits is also a well-
known fact and this has been attributed to the internal stress
present in the deposit. In nickel, stress may be present
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either as a contractive or an expansive force. The degree of 
stress and its direction depend upon the conditions of electro­
deposition. The amount of stress that may he present in a 
nickel deposit has been reported by Stoney (1909) to be as 
high as 36,000 pounds per sq. inch.
7# Stress in Tin-Nickel Alloy Deposits.
A preliminary investigation at the Tin Research Institute 
(private communication from A.E.Davies) has indicated that 
Tin-Nickel alloy deposits from a fresh bath have an internal 
tensile stress of about 10,000 Ib/sq. in. ' The value of the 
stress decreases as the plating solution ages, reaches zero 
as the stannic tin builds up in the solution and eventually 
becomes a compressive stress of about the same magnitude as 
the original tensile stress. When the stannic tin concen­
tration reaches somewhere about“55 gms per litre the tensile 
stress becomes just compressive and in an old bath (5 year 
old) at the Tin Research Institute containing about 93 gms 
per litre of stannic tin the stress was found to be compressive.
These results show that internal stresses of large 
magnitude may exist in tin-nickel alloy deposits. These 
internal stresses, as has been seen earlier, may result in . 
cracking of the deposit, warping of the basis metal or peeling 
off the deposit. It is known that on a base plate like brass 
or copper a tenacious film of tin-nickel alloy is easily 
formed. It was therefore anticipated that these high internal
-r— rr.-M
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stresses would give rise to cracking. It may however he 
emphasized that no study of cracking in tin-nickel alloy has 
so far been made. The observations reported here clearly 
show the inherent existence of cracks in some tin-nickel alloy 
deposits.
8. Preparation of Specimens.
For microscopic examination it is a great advantage if 
the surface of the deposit is bright. As the tin-nickel alloy 
deposit comes out bright from the bath if the basis metal is 
bright, great care was taken in preparing the base plate.
From a large thick (0.04 inch) sheet of brass, several 
rectangular (2" x 3") plates were cut. Before deposition, 
each plate was finely polished on both sides to get a highly 
reflecting and scratch-free surface.
The polishing was carried out in the following manner.
The surface of the plate was first of all ground down on 
polishing wheels dressed with different grades of emery to 
get a fairly smooth surface and then on fine-grained emery 
papers wetted with kerosene. Final polishing was done on 
selvyt cloth fed first with Bluebell Metal polish and then •
Silvo (Silver polish).
The brass plate after it was polished in the manner 
described above, was thoroughly cleaned by cathodically 
degreasing it in a hot bath containing trisodium phosphate 
and sodium metasilicate and then rinsing it in .running water.
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Deposits of varying thicknesses were prepared from a 
freshly made-up bath by operating at a cathode current density 
of 24 amp. per sq.ft., temperature 70°0. (158°p) and pH 2.5- 
After plating for a specified time depending on the required 
thickness, the specimen was removed from the plating bath, 
rinsed thoroughly in running cold water to remove the electro­
lyte sticking to its surface and in distilled water and then 
in acetone. Finally it was dried.
9. Observation of Cracking on Tin-Nickel Alloy Deposits.
Deposits prepared in the above manner were first of all 
visually examined. No crack or any surface defect could be 
detected. The surface appeared bright and smooth. However, 
when viewed on the Vickers Projection microscope at magni­
fications of the order of 100 x or more, numerous dome-like 
projections on the surface were revealed. When the magni­
fication was increased to about 400 x and more, fine hair-line 
cracks were seen over the surface of the platings. The cracks 
were found to be more at the comers and edges than at the 
centre of the plate. Figure 47 shows a crack pattern at one 
corner, figure 48 at an edge and figure 49 of the central 
region of a thick deposit (0.002 inch). Some of the cracks 
starting from the corner or an edge extended right towards the
centre of the specimens.
It should be mentioned here that the deposits were
examined in the as-plated condition and no cutting, polishing
+-£.3.50
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or etching of the specimen was done. Further the specimens 
were handled very carefully so that they were not allowed to 
get knocked about and thus get cracked.
10. Effect of Hot and Gold Water.
As the cracks were seen on the specimens in the as-plated 
condition, it was thought they might perhaps have been 
produced by the sudden cooling when the plating was immersed 
in cold water after removal from the hot bath (70^0). There­
fore experiments were performed to study the effect of transfer 
from the plating bath to hot and cold water on platings of 
differing thickness.
The standard plating conditions, namely, cathode current 
density 2k amp./sq.ft., Temperature 70°C (158°F), pH 2.5 were 
adhered to in all the experiments described below.
A finely polished brass plate was plated under these 
conditions to obtain a thickness of 0.00025 inch; after plating 
it was immediately quenched in cold water (tap water) and then 
rinsed with distilled water, acetone.and finally it was dried.
On this specimen no cracks were observed on the central 
region of both sides of the plate; whereas at all the corners 
the plated specimen showed a good number of fine cracks on 
both the sides. Figure 50 is a typical example of the cracks 
seen at one of the comers. All round the edges of the 
plating similar fine cracks but fewer in number and extending 
about 0.2 inch inwards, were seen. Figure 51 is a typical
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example of the cracks starting from the edges.
In the next experiment, a specimen plated under identical 
conditions was immediately immersed in hot water (about 65°0), 
allowed to cool slowly, dried and examined under high magni­
fication. The cracking observed was very similar to that 
obtained in the previous experiment, i.e. no cracks were 
observed over the central portion of the specimen, but a large 
number of cracks were seen at the corners of the specimen. 
Figures 52 and 53 are the photo-micrographs of cracks observed 
on one corner and along one edge of this plating.
The experiments were repeated with two specimens coated 
with 0.0005 inch of tin-nickel alloy under the standard 
conditions. No difference was found in the number of cracks 
at the edges and at the corners of the plating on quenching it 
in cold water or immersing it in hot water and then cooling it 
slowly. This reveals no effect of hot and cold water on the 
cracking phenomena. It can however, be said with certainty 
that the number of cracks and also their extension into the 
plate on this thicker deposit (0.0005 inch) were greater both 
at the edges as well as at the corners in comparison with those 
observed with a thinner deposit (0.00025 inch). Figure 54 
shows the crack pattern observed at one corner and figure 55 
along an edge of the thicker (0.0005 inch) deposit quenched in 
cold water. The cracks observed at a corner and- also near an 
edge of a similar plating which was immersed in hot water and
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slowly cooled, are shown in figures 56 and 57.
In a still thicker deposit (0.001 inch) still greater 
numbers of cracks were observed at the edges as well as at 
the corners; occasionally some cracks were also noted at the 
central regions of this plating. This was observed both 
after hot and cold water treatment. Figures 58, 59 and 60 
show the cracks observed at the centre, at one comer and 
along an edge of this thickest deposit (0.001 inch) after it 
was quenched in cold water. Figures 61, 62 and 63 show the 
cracking at those three regions of a similar deposit after hot 
water treatment.
The results of the above experiments carried out to study 
the effect of hot and cold water on tin-nickel alloy plating 
could be summarised as follows:-
1. Rinsing in hot or cold water immediately after plating 
has no effect on the deposit and the cracks are there 
irrespective of a hot or cold rinse. Therefore, the 
cracking is inherent in the deposit and is not due to 
sudden cooling caused by cold water.
2. In general, on a given specimen, the number of cracks
at the comers is greater than that at the edges and very 
much greater than that at the centre. In the central 
regions the cracks are very rarely seen except a few 
faint ones on thicker deposits.
3# On the average, the number of cracks and their extension,
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at the comers, edges and also over the central portion of 
the deposit increase with the increase in thickness of the 
deposit.
11. Effect of Compressive Stress on Tin-Nickel Deposit.
The present observation that the tin-nickel alloy 
deposit from a freshly made-up bath is cracked and that the 
cracking has not been produced by rough handling of the 
specimen or by any mechanical working such as sawing, cutting 
or polishing and that sudden temperature change from plating 
bath to rinse has no effect on the deposit, leads us to 
conclude that (l) the cracking is inherent in the deposit,
(2) the internal stress in the deposit is responsible for its 
cracking. From our knowledge of the probable behaviour of 
the newly made plating bath, it may also be concluded that the 
stress that produces this cracking is tensile in its character.
The above conclusion namely, that the cracking in tin- 
nickel alloy deposit from fresh bath is due to the tensile 
stress naturally raises the question - what is the effect of 
compressive stress on the deposit? As we have seen before, 
there is evidence that the stress in the deposits from the 
5 year old bath at the Tin Research Institute, containing about 
93 gms per litre of stannic tin is completely compressive. So 
to answer the above question, the following series of 
experiments were carried out with the solution taken from the 
above old bath whose history is given below:-
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Capacity - 650 litres.
II 2» A*
Sn -j^ gitis per litre
- 93 giïis per litre 
Ni - 51 gms per litre 
Fluoride - 126 gms per litre
Chlorides - 162 gms per litre
Ammonium - 88 gms per litre
Sodium - 4#5 gms per litre
pH - 2.5
Temperature - 65-70^0.
As in the case of fresh hath, the standard plating 
conditions, cathode current density 2k amp. per sq.ft., 
temperature 70^0 (158°F), pH - 2.5 were strictly maintained 
in all the experiments described below.
A finely polished brass plate (2" x 3") was plated under 
the above standard conditions to obtain a thickness of 0.0005 
inch. After plating, the specimen was immediately immersed 
in hot water (about 65°C), slowly cooled and dried. Both 
sides of the plate v/ere then thoroughly examined on the 
microscope. No crack could be seen either at the centre, 
edges or comers of the plate. , Figure 6^  shows a corner of 
the plate where maximum number of cracks are expected.
Two more specimens with thicker deposits (0.001" and
0.002") were prepared under identical conditions. After 
plating they were subjected to the same hot water treatment
mX 4 1 0
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and then examined for cracks. Not even a single crack could 
he seen anywhere on these two specimens also. Figures 65 
and 66 show the corners of the two plates (0.001" and 0.002").
The above three ex^^eriments were repeated with a fresh 
batch of three more polished brass plates. But this time, 
the specimen, as soon as it was removed from the plating bath 
was plunged in cold water, dried and then examined on the 
microscope. No crack was observed on any of the deposit.
So the series of experiments carried out with the old bath 
conclusively shows that compressive stress, characteristic of 
aged baths, produces no cracks in the deposit.
12. Effect of Stannic Tin Concentration on Oracks.
The previous study on the effect of compressive stress on 
tin-nickel alloy deposit clearly shows that no cracking is 
observed when the plating solution is old. It is not known 
whether the compressive stresses arise due to the preponder­
ance of stannic tin in the aged solution or due to other 
factors. , To decide this point, it was thought necessary to 
take a fresh bath, increase the concentration of stannic tin 
and study the cracking phenomena in the deposit. If by 
adding stannic tin to a fresh bath, the cracking is reduced 
or is completely avoided, it will then be a clear proof that 
the compressive stresses are entirely due to higher stannic 
tin concentration. The following experiment was therefore 
carried out.
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A fresh hath (600 c.c.) according to the process
mentioned in chapter VI was prepared and divided into two
equal portions. With one portion deposits of 0.0005", 0.001"
and 0.002" thicknesses were prepared under the standard plating
conditions (cathode G.D. 2i+ amp/sq.ft., pH 2.5; temperature 
o \
70 C) • These deposits were examined on the microscope.
Cracks were clearly seen on all the plates.
To the second portion of the electrolyte 57 gms/litre of 
stannic tin was added and with this solution, deposits of 
similar thicknesses as above were prepared under identical 
conditions. The reason for adding 57 gms per litre of 
stannic tin to a fresh bath was that the results of the Tin 
Research Institute investigation had suggested that during 
progressive ageing of the plating solution, the stresses 
become just compressive when the stannic tin concentration 
reaches about 55gm/litre.
The three specimens were carefully examined under high 
magnification. No cracks were observed on these three 
specimens, except for two or three very faint and small cracks 
starting at two corners of the thicker deposits.
This absence of cracks or at least considerable reduction 
in the number of cracks on increasing the stannic tin concen­
tration clearly shows that the compressive stresses previously 
observed in deposits from the aged solution originate in 
concentration of stannic tin.
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The reason for the appearance of few faint cracks might 
he that the addition of stannic tin to the plating solution 
was inadequate to produce deposits free from tensile stress.
The value of 55 g/i quoted earlier as the concentration of 
stannic tin at which the stress in the deposit ceases to be 
tensile can only be regarded as an approximation, since it was 
obtained in only one experiment with an electrolyte in which 
other ageing changes may have taken place.
13. Corrosion Tests on Tin-Nickel Alloy Deposits.
The deposits produced from the fresh bath did not show 
any cracking to the unaided eye but the cracks on their surfaces 
were revealed under high power microscope. The deposits 
produced from the old bath as well as from fresh bath with 
higher concentration of stannic tin did not reveal any cracking 
even under high power microscope. It is well known that 
corrosion is initiated at the cracks and indeed, corrosion 
makes the cracks quite prominent. The deposits made from the 
fresh bath as pointed out did not show any cracking to the 
unaided eye, but when these deposits were corroded by exposing 
them over sulphur dioxide solution for a few hours the cracks 
became visible. It was therefore thought that even the 
faintest cracks invisible to the eye or even under the high 
power microscope could be made visible after strong corrosion. 
The samples prepared from the old bath and those prepared from 
a freshly made-up bath, under standard plating conditions, were
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exposed at the same time in a glass chamber over sulphur dioxide 
solution for a period of 20 hours. The result of this 
exposure can be clearly seen from figure 67 and the following 
conclusions could easily be drawn
1. A freshly prepared bath yields cracked deposits whereas the 
old bath yields deposits which are completely free from cracking 
even after heavy corrosion eind this fact is true whatever may
be the thickness of the deposit. This conclusively proves 
that the specimens produced from the old bath do not have even 
the faintest cracks.
2. In the case.of fresh solution, the deposit gets more and 
more cracked as its thickness increases.
3* The cracks are not merely surface cracks on the deposit; 
but they go right to the basis metal.
It should be pointed out here that the above corrosion 
tests completely confirm our previous results on cracking 
observed by high power microscopy both on deposits from fresh 
and old baths.
14* Summary.
The present study clearly shows that the Tin-Nickel alloy
deposit from a freshly made-up bath is cracked, the cracking is.
inherent in the deposit and it has not been produced due to any 
extraneous influence. In addition,the study gives some 
confirmation to previous findings that the internal stress that 
produces this cracking in the deposit is tensile in its
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character* It has also been observed that the number of 
cracks and their extension increase with increasing thickness 
of the deposit.
The investigation with the old bath containing about 
93 gms per litre of stannic tin and also with a new bath to 
which stannic tin (57 gms per litre) was added, have shown that 
compressive stresses produce no cracking in the deposit. 
Further, these studies have^established the fact that the 
compressive stresses are largely and perhaps entirely due to 
higher concentrations of stannic tin.
Lastly, the corrosion tests carried out have not only 
confirmed all the above findings made with the microscope on 
deposits from fresh and aged baths but have also proved the 
cracks observed on deposits are not merely surface cracks but 
they go right to the basis metal.
116
CHAPTER X .
THE CONTOURING EFFICIENCY OF TIN-NICKEL,, A T W Y  DEPOSITS
1. Introduction.
Normally, the thickness of an electroplate which obtains 
on the high points of an object is much greater than that 
deposited in depressions. When thickness of plate is important, 
as is the case for plating intended for outdoor service where 
corrosion plays a prominent part, this becomes a matter of 
great importance. In fact, when platers complain of a design 
they usually have in mind a complicated shape on which recessed 
areas are significant and therefore require at least the 
specified minimum plate thickness. Some plating solutions, 
for example copper cyanide, silver cyanide, sodium stannate, 
etc., have the unique property of producing even deposits on 
irregular surfaces. Such solutions are best suited for 
plating complicated shaped articles so that the deposit formed 
will be highly uniform all over the surface and thus provide 
a finish having better corrosion resistance at a reduced cost 
of plating.
The throwing power as usually considered refers to ability 
to obtain better deposits than would be indicated by the 
primary distribution of current when a cathode is so shaped 
that distances of various points on it from the anode differ by 
distances of macro-proportions, i.e. up to several centimetres. 
This is affected by the conductivity of the solution, the
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cathode polarisation and the variation in cathode efficiency 
with current density. The ability of a deposit to plate evenly 
on a surface possessing differences in level on a micro scale
i.e. of the same order as the thicknesses of the usual deposit, 
is also of interest. If the deposit builds up preferentially 
on high points of the surface, a rough deposit with possible 
thin porous coatings on the scratches or other depressions will 
result. If the deposit contours the surface evenly, the 
deposit will have the brightness of the base metal on which it 
is deposited. If the depressions in the surface tend to be 
filled by the deposit, the final surface will be brighter than 
the base metal and the deposition process is said to have 
"smoothing action". The behaviour at a surface with micro 
differences of level is no doubt affected by the same factors 
as those which control throwing power, but the nature of the 
layer over the cathode surface and the mechanism of crystal 
growth must also affect it.
Tin-nickel alloy deposits have high corrosion resistance 
and, as has been shown in researches referred to later, have 
a good throwing power. The contouring of micro surface imper­
fections has not however been studied although practical 
experience has indicated that the deposits generally reproduce 
the brightness of the base metal. So the present investigation 
was undertaken to study the contouring efficiency of these tin- 
nickel alloy deposits, using multiple-beam interferometrie
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techniques. It may he pointed out here that these techniques 
have recently been employed by Tolansky. and Bhide (1956) to 
study the contouring efficiency of silver films deposited by 
thermal evaporation on silicon carbide crystals. In fact 
Tolansky (1951) has used the inte rfe r ome trie methods for 
examining the contouring efficiency of tin-nickel alloy 
deposits and has shown qualitatively that the deposit contours 
the Underlying substrate and for this study he used Pizeau 
fringes. In the present investigation fringes of equal 
chromatic order have been employed to study the phenomenon 
quantitatively.
2. Principle of the method adopted.
A small step with a sharp edge is taken and its height 
determined. Then a layer of tin-nickel alloy of known 
thickness is deposited on the step which is again measured.
Thus different layers of the alloy are deposited successively 
over the same step and the height of the step is measured after 
each deposition in order to see how the thickness of the 
deposited alloy affects the step value so determined.
3« Experimental Procedure.
To get a highly perfect step with a shai^ edge has been a 
major problem. Many mineral and metal crystals have sharp 
cleavage steps and they might be used. But, as tin-nickel 
electrolyte is highly corrosive it attacks the mineral crystals 
and on ra etal crystals like zinc, antimony, etc. it does not
peg. 6 % X.410 FCg. . X4 I0
F c g . 7 0 X3S.
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deposit. As polythene, perspex, etc., are not attacked hy 
this solution, a trial was made hy first evaporating a film of 
copper on to the whole surface of a small rectangular block of 
perspex and then evaporating over this film over half the 
surface another thick film of copper, thus creating a fairly 
sharp step. Now the perspex block with the step was made the 
cathode. As soon as the current was switched on, the copper 
film peeled off from the base. In view of this, it was thought 
it might be easier to produce, instead of a step, a groove of 
uniform depth on a metal plate. So with the 136° diamond 
pyramid indenter using a load of 5 gms. a scratch was made on a 
flat micro-polished brass plate. The width of the scratch ■ 
was very much distorted and irregular. When the depth of the 
scratch was measured by light profile, it was found to vary 
widely from place to place, along the scratch. For instance the 
depths measured at two places were 1.3 and 0.8 (Figs. 68 
and 69) •
All the above-mentioned difficulties in creating a step 
were finally got over by adopting the following method. A 
brass plate (3" x 2") was first of all polished successively 
on different grades of emery paper, then on selvyt cloth fed 
with a silver polish and finally on diamond fed wheels. After ^  
thus obtaining a scratch-free, highly polished surface, the 
plate was thoroughly degreased in trisodium phosphate and then 
plated with a thin deposit of tin-nickel under the standard
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plating conditions to obtain a highly bright plate. Half of 
this plate was now coated with formvar. The coating of 
formvar was applied in the following manner. A 10^ solution 
of formvar in chloroform was prepared and this solution was 
poured into a glass funnel provided with a tap. The brass 
plate was immersed half-way in the solution and then the latter 
was gradually drained off by controlling the flow with the tap 
so that a smooth, uniform film of formvar was finally left on 
the plate.
The plate with the formvar film was then degreased 
cathodically in a ^  solution of sodium carbonate (anhydrous), 
rinsed in dilute hydrochloric acid and finally in running water, 
After this cleaning operation, it was plated in the standard 
tin-nickel solution under conditions calculated to give a 
deposit thickness of about 4 based on the total effective 
cathode area. After plating, the formvar film was removed by 
dissolving it in chloroform, thus leaving a step of tin-nickel. 
The height of the step at various places about the centre of 
the plate was measured by employing fringes of equal chromatic 
order. It was found to be almost constant (4.29 ± 0.1) and 
the actual value for the step height at one place was 4.32 p-' 
(Pig. 71).
For interferometric studies the surface to be examined 
should be highly reflecting and to achieve this it is usual 
practice to evaporate a thin film of silver on to the surface
V>■66.
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under examination. In the case of tin-nickel alloy deposit 
there is no necessity to silver the surface as the deposit 
comes out bright directly from the plating bath. This 
property of the plate has been a great advantage to study its 
contouring properties. On the other hand if the deposit had 
been dull, it would have been necessary to silver the surface 
before every interferometric examination and then completely 
remove the silver before depositing a layer of the alloy on 
the step. The silver is usually removed by gently rubbing the 
surface with pieces of cotton wool moistened with strong HgOg* 
As a result of this cleaning treatment, scratches and stains 
might be left on the surface and even some dsimage to the step 
might occur. Fortunately these difficulties do not arise with 
tin-nickel alloy deposits.
The method of evaluating the step height is as follows.
The brass plate with the step is matched against a suitably 
silvered optical flat and the matching is done in a jig so that 
the interfering surfaces could be brought as close together as 
possible so as to obtain highly sharpened high dispersion 
fringes. The jig with the specimen and the reference flat is 
mounted on the stage of the Vickers projection microscope and 
illuminated normally with a parallel beam of monochromatic 
light ( X = 5461 . The reflection Fizeau fringes thus
obtained is shown in Pig. 70. With this fringe pattern it is 
not possible to evaluate the height of the step, since we do
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not know which order belongs to which; nor can Jôe tell which
region is up and which down. On replacing the monochromatic 
light by white-light and projecting the image of the interference 
system with the microscope on to the slit of a spectrograph such 
that the step is at right angles to the slit image, we get the 
fringes of equal chromatic order for the step, which is shown 
in Pig.71. These fringes are sharper than the Pizeau fringes. 
Which region is up and which is down can easily be decided with 
the help of these white-light fringes. The dispersion of these 
fringes is governed by the relation = Xifc . The higher
part of the step i.e. that nearest the matching flat, involves 
smaller t . So for the higher region the dispersion is greater 
than for the lower. The region marked A in Pig.71 is the 
higher and B the lower.
For evaluating the step height, two known wavelengths (say 
A  = 4358 and 5461 of Hg) with wave-number separation 
are chosen. Let there be m orders on the one side of the step 
and n on the other (m and n are in general not integers but 
include fractions of orders). Let the optical gap on two sides 
of the step be t^  and tg , then
t^  = V 2
tg = n/2^v
The step t^ - t^  = (n - m)/z n) . Thus the value of 
the step is determined.
After having evaluated the value of the step, various layers
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of the alloy were successively deposited on it and its height 
determined after every deposition. The thickness of the alloy 
layer put on the step has been evaluated by having alongside 
the brass plate with the experimental step another similar 
brass plate coated all over first with tin-nickel and then 
half of it with formvar. The two brass plates were actually 
kept pressed together by running a tape of Lassovic round the 
edges of the plates. The thickness of the layer was evaluated 
by the method outlined above.
As the step is not straight and shaiT?, the step-height has 
been measured at a distance of 0.3 mm. from the edge of the 
step.
4# Observations.
The observations made after depositing different layers of 
tin-nickel alloy on the step of (4.29 ± 0.1) thickness are 
recorded in the table below. The first column shows the thick­
ness of each individual layer deposited on the experimental step 
The second column shows the total thickness of the layers at 
each stage and the third column, the step height as measured 
0.3 mm. away from the step edge.
Thickness of 
individual 
layer.
Ch")
Total thickness 
of the layers.
Step height as 
measured 0.3 mm 
from the edge.
C M
- — 4.29
1.92 1.92 4.21
4nl5 6.07 3.88
3.51 9.58 3.77
4«64 14.22 3.56
j
I
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It is seen that after depositing a layer of 1.92 ^  thick­
ness on the step, the step height remains practically the same 
(4.21 ) ,^  which shows the deposit is contouring the step. On
putting the next layer (4.15 two things are found to
happen: (i) the height of the step decreases to 3.88 p-* and 
(ii) the fringes that were straight all-through in the region 
B of Pig.71 are slightly curved in Pig.73, towards the red end 
of the spectrum, showing thereby that the deposition very close 
to the bottom of the step is a little poorer than what it is 
.over the rest of the step. On depositing two more layers 
(3.51 and 4.64 p'); the step height slightly diminishes and 
ultimately reaches a value of 3.56 p'when the total thickness 
of the alloy deposited is 14.22 p  . The fringes of equal 
chromatic order for the last two layers are shown in figures 
74 and 75» It is also seen from these figures that the depos­
ition of the alloy at the bottom of the step is relatively less.
However, it is clear from the data for step height measure­
ments that the tin-nickel alloy deposit has high contouring 
efficiency from the electro-depositor* s point of view and the 
observation that the step height slightly diminishes with 
increasing thickness of the deposit shows that the deposit has 
some smoothing effect as well.
The above observation that tin-nickel alloy deposits have 
high contouring efficiency is consistent with the throwing 
power tests carried out by Outhbertson, Parkinson and Rooksby
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(1953). Cathodes bent at a right angle were plated in the 
standard tin-nickel solution under conditions to produce a 
deposit thickness of 0*0005 inch. After plating, the tin- 
nickel coating was protected by an overlay of 0.02 inch of 
electro-deposited copper. The cathodes were then sectioned 
and the thickness of the alloy plate was measured under the 
microscope.
The results obtained by them.(i) when the bent cathode 
was placed symmetrically with respect to anode and (ii) when 
the bent cathode was placed unsymmetrieally with respect to 
anode are reproduced in Pig. 76 and 77* Except at the extreme 
edges of the cathodes, where the thickness of the plate 
approaches twice the average, and at the back of the bend where 
the thickness diminishes to about 0.0001 inch, the thickness 
distribution is remarkably constant all over the plate, thus 
showing the excellent throwing power of the electrolyte. 
Furthermore, these authors find that just near the bend of the 
cathode (Pig.77), the deposition is relatively poor which lends 
support to the interferometric observations of poor deposition 
at the bottom of the step.
The above authors have supplemented their tests by 
calculating the throwing power from the value of the conduct­
ivity of the electrolyte, which is equal to 0.29 mhos per cra^  
at 65^0. Oar dam* s throwing number, N , was calculated from 
the formula N = where p is the specific resistance of
rvt
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1
the electrolyte and h is a constant. For the tin-nickel 
electrolyte at 65^C, P = = 3*k5 and h = 0.1, hence
N = 0.0145" This is a high value as compared with the values 
of N for various electrolytes given in the table below :
Electrolyte N Source of information
Tin-nickel 0.0145 Outhbertson, Parkinson
• and Rooksby (1953)
Silver cyanide 0.023 Gardam (1938)
Copper sulphate 0.0115 )
Nickel chloride 0.0067 1
Wesley and Roehl (1944)
Watts type nickel 0.0024 )
Hard nickel 0.005 )
Lowenheim (1954) has measured the throwing power of the 
tin-nickel electrolyte and he also finds it to be high when 
compared with those of so many other electrolytes. He used a 
throwing power apparatus where two cathode plates were kept^ 
directly behind each other at distances from the anode in the  ^
ratio of 1 to 5 and calculated the throwing power t^ from 
Field’s function :
tj5 = 100 X K - M/k -k M - 2 
where the ratio of the distances of the cathodes from the anode 
is designated as K , and the ratio of weights of deposit is 
designated aâ M . According to his measurements the t^ of 
the tin-nickel solution comes out to be 5C^«
Conclusions.
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(a) The present Interferometrie study shows that 
the tin-nickel alloy possesses high contouring efficiency over 
small differences in surface level, behaviour in accord with 
the good throwing power observed over large differences in 
level.
(b) the small diminution of the step height with 
increased thickness of the deposit indicates that the smoothing 
action of the deposit is slight - although detectable - as has 
been indicated qualitatively by the observed small difference 
in brightness between deposit and base metal.
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CHAPTER X I .
HABDMSS OP ELECTRO-DEPOSITED SPECULUI^ METAL AND 
OTHER TIN-COPPER ALLOYS.
1. Previous observations.
As pointed out in the Introduction to this thesis, the 
available literature on the hardness properties of electro­
deposited speculum and other tin-copper alloys is very meagre. 
Safranek, Hespenheide and Faust (195U) have reported the 
results of Knoop hardness tests carried out on bronze plates of 
three compositions. According to them, alloy plate containing 
7 to 15 per cent tin and 93 to 85 per cent copper has a hardness 
of 260 to 280 Knoop, which is nearly three times as hard as 
matt copper plate. Bronze-alloy plate with a 17 to 20 per cent i 
tin content, balance copper, is slightly harder than the 7 to 
15 per cent tin bronze, having a Knoop hardness of 300 to 320.
The bright speculum plate has been found to possess a hardness 
of about i+OO Knoop.
The results of Brinell hardness tests on thick tin-bronze 
deposits obtained by Macnaughtpn and Baier (1936) are given
a
in the table below. The tests were carried out with a ball 
of 1 mm. diameter acting under a load of 25 kg. for 30 seconds.
Tin content of deposit. Brinell hardness No.
11.7 per cent . 
17.0 " "
222
3k5
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The Vickers Diamond hardness has been measured for small 
platelets of electro-deposited speculum metal by Tolansky (1952). 
The platelets were obtained by flaking off from an extremely 
heavy deposit. Selected platelets were thick approximately 
parallel sheets having an area of some 6 sq.nm. and thickness 
exceeding VlO ram. For these thick platelets the D.P.H. 
obtained was 508 + 20.
2. Preparation of Samples.
All samples plated were standard in size, i.e. .8** x .8”
of brass, which were micro-polished before plating. The 
samples were plated in a frame which was 2&" x 2^"; this 
allowed a border of 0.85" around the specimen. The electro­
plating was done from the copper cyanide-sodium stannate 
electrolyte at temperatures ranging from 65 - 70^0, the 
cathode current density being 30 amp./sq.ft. By suitably
adjusting the concentration of the bath, tin-bronzes of
different compositions were obtained and the actual solutions ^
used for this purpose are given in Chapter VI.
3. Hardness of Speculum. (k2  ^ tin).
More detailed attention was given to the speculum deposit 
which contains k2fo tin because this alloy has special properties 
of resistance to some forms of corrosion and has been much used 
as a decorative coating.
Three thicknesses, namely, 0.001”, 0.00075" and 0.0005” 
were plated. On these samples a series of microindentations
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with the 136° Diamond pyramid indenter were made using
different loads and for each load several indentations were 
made to cover the limits of experimental error.
In Tables 9, 10 and 11 are tabulated the D.P.H. values, 
the diagonal lengths of impressions and the corresponding loads 
for the three thicknesses and the values of hardness against 
load for these three thicknesses are plotted in Pig.78.
The following conclusions can be drawn from Pig.78.
(1) The real D.P.H. value of the speculum metal, plated 
as described above, is 520 ± 9*
(2) It is independent of the thickness of the coating.
(3) The deposit is homogeneous.
(I|.) With each thickness, the indicated hardness value 
remains constant (520) up to a certain load beyond which its 
value falls initially rapidly and then gradually, finally
a
tending asymptotically towards the value of the hardness of 1
brass (125). The load at which the deviation from real h.ard- I 
ness value sets in is greater for a thicker deposit.
In order to determine the exact depth up to which the 
indicated hardness remains constant for varying thicknesses of 
speculum plating a graph (Pig.79) was plotted between the D.P.H. 
number and the diagonal length (d) of the indentation which is 
directly related to the depth of penetration of the indenter 
into the plating - ^ « 1 — - 9 where h is the depth
of indentation^. ^
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Prom Pig* 79 the exact depth at which the influence of the 
hase metal comes into operation for each thickness can he found 
out. It is seen that this critical penetration is directly 
related to the thickness of the deposit, as for example in the 
case of 25.4 the deviation from constant hardness (520) takes 
place when the depth of penetration is 3*501 whereas in the 
case of 19.05 ^  and 12*7 the deviation occurs at 2*643 
,and 1*697 respectively. These values show that if the 
thickness of coatings is eight times the depth of penetration, 
the measured hardness is characteristic of the deposit and is 
uninfluenced by the base metal and is independent of load.
: I
TABLE 9#
Hardness of electro-deposited ^Speculum” on brass. 
Thickness of deposit 25*4 ; C«D* 30 amp./sq.ft ; 65^0.
Load
(tjras)
Diagonal length 
, in microns
D.P.H.
(Kg./sg.mm.)
50 13.4 517 ± 13
70 • 15.73 525 + 11
100 18.71 5 2 9 + 9  .
130 21.62 514 ± 10
160 . 24.00 515 ± 9
170 25.11 • 500 + 9
180 27.60 ■ 438 i 5
200 31.00 386 i 14
250 : ■ 36.93 340 ±  5
300 --'r- 42.16 312 ± 7
■350 . 46.86 295 t 10
400 52.58 269 ± 7
Real D.P.H* = 520 ± 9
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TABLE 10.
Hardness of electro-deposited "Speculum" on brass» 
Thickness of deposit 19.05 f*' ; O.D. 30 amp./sq.ft ; 65°C.
Load
(gras)
Diagonal length 
in microns
D.P.H.
(Kg./sq.mm. )
30 10.27
!
527 ± 17 :
50 13.29 522 + 17
70 15.73 525 i 11
90 - 17.78 528 1 13 g g
100 19.94 466 ±  13 .
120 24.38 374 1 8  V " ;
150 29.12 3 2 8 + 8  1
200 35.73 290 + 5
250 42.36 259 + 4
300 47.64 246 + 6
350 53.11 230 + 4
400 58.48 _ _ 217 8
, I -r
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TABLE I I .
Hardness of electro-deposited ''Speculum'* on brass. 
Thickness of deposit 12.7 f*'; O.D. 30 amp./sq.ft ; 65°C.
Load
(gms)
Diagonal length 
in microns
D.P.H.
Kg./sq.mm.
20 8.44 520 ± 14 ,
30 10.29 521 ± 11
40 11.84 530 ± 14
50 15.07 406 + 12
70 19.55 ' 343 ± 12
100 24.86 299 + 1
150 32.69 260 + 4
200 . 38.44 251 + 3
250 45.33 226 + 3 /
300 50.66 217 + 3
350 55.67 209 ±  6 ■  :
400 60.89 M 201 ± 6
EU
1
s
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4# Effect of deposit composition on the hardness of
electro-deposited tin-copper alloysT
Nine different deposits in the composition range 10 - 8 ^
Sn have been studied. The thickness of the alloy deposit in 
all the cases was kept the same, namely, 0.001". The results 
of diamond pyramid hardness tests carried put on these nine 
different samples are given in Tables 12 to 20. Pig.80 is a 
plot of the hardness values against load for these samples; 
the results for 37fo Sn-bronze (Table 18) are omitted in order 
to avoid overlapping with the other curves.
The following features become apparent on examining 
Pig. 80
(1) The real hardness characteristic of the deposit
varies with its composition and this variation is shown in
Pig. 81. As the tin content increases, the hardness of the
deposit also increases, reaches a maximum value of about 520
for speculum and then diminishes rapidly reaching a value of
 Tg
about 56 for the 86^ Sn-bronze deposit.
(2) Irrespective of its composition, the alloy deposit 
is homogeneous.
(3) With each composition (except 63*5^ Sn. and 86^ Sn) 
the hardness value remains constant up to a certain load 
beyond which its value decreases towards the value of the 
hardness of brass. It is also seen from Pig.80 that the 
harder the deposit the larger is the load at which the deviation 
from real hardness occurs. This result is to be expected
—r“r
i" : -1
ÔW 4^ '&.o>vjA‘wC4S
4^ e!Ac1n&cLa.joo6Lt2jL Hx%- Co^ jæn, A U o^.
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because (a) it has been shown in the case of speculum that the 
deviation sets in when the depth of penetration is more than 
%th the thickness of the deposit and (b) also because the depth 
of penetration for a given load is smaller the harder the 
deposit.
(4) The observation that the thickness of coatings should 
be at least eight times the depth of penetration of the indenter 
if the hardness of the deposit is to remain completely free 
from the influence of the base metal is supported by all the 
different composition curves.
63*^  Tin-bronze deposit.
•This deposit has almost the same hardness (129) as the 
base on which it is deposited and therefore its hardness, as 
seen from Pig.80, is evidently unaffected by the base.
Tin-bronze deposit.
Por this deposit the real D.P.H. value is about 56 which 
is much less than that of *the brass. That is, the deposit is 
on a harder base. The interesting thing that is observed in 
this case is that the hardness value of such a coating remains 
almost constant (56) even up* to a load of 500 gras; this being S
: - I
the maximum load which can be safely applied on the micro- 
indentation hardness tester. The depth of penetration of the 
diamond pyramid corresponding to this load of 500 gms is about 
18 i.e., about f of the thickness (25«4 K) of the plating.
Even then the base metal seems to have very little influence on
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the deposit, except perhaps round about 400 gms when the hard­
ness value rises to about 60. So to study further the effect 
of the base metal on the deposit, hardness tests were carried 
out on the penetrascope using higher loads and the values of 
hardness obtained are given in the table below.
Load D.P.H.
(Kg) (Kg/sq.mm.)
1 62.7
2 71.3
3 81
5 90
10 96.2
20 101
The depth of penetration of the indenter for a load of 
1 kg. is about 25 > that is the actual thickness of the
deposit in the present case. So when the load is 1 kg. the 
tip of the indenter is just touching the surface of the base 
metal and now the hardness value measured is about 62.7+ It 
is clear from the above table that as the indenter penetrates 
more and more into the plating the hardness value goes on 
slowly increasing towards the hardness value for brass (125)» 
5# Summary.
The hardness of tin-copper alloy deposits varies with the 
composition. Among the different deposits studied speculum 
has the highest hardness and its D.P.H. is 520 ± 9. Further
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the deposits are found to be homogeneous and isotropic.
The constitution of electro-deposited alloys does not 
always conform to that expected from study of thermal equil­
ibrium diagrams and it would be unwise to speculate too far 
about the changes in metal structure which are responsible for 
the variation of hardness with composition. It is however 
interesting to note that the maximum hardness occurs round 
about the composition (38.i|^ tin) corresponding to the inter- 
metallic compound Ou^n, that the sharp fall in hardness occurs 
over the range where the proportion of Cu^Sn to OUgSn^ is 
expected to fall and the rate of decline of hardness with tin 
content becomes apparently less when Cu^Sn should no longer 
appear. X-ray examination of Speculum deposits (H.P. Rooksby, 
J. Electrodepositors Tech. Soc., 1956, 26, 119) showed that 
they did contain the intermetallic compound Cu^Sn predominantly, 
with a little CUgSn^. The smooth form of the curve relating 
composition to hardness suggests that the intermetallic ^
compounds may be found in varying amounts over a large range of 
composition and are not formed only in the Speculum deposits.
The study of the influence of the base metal on the 
different deposits has shown that (l) if the deposit has the 
same hardness as the base, then its hardness value is completely 
unaffected by the base as these two together behave as one 
continuous medium and (2) if it is softer than the base, its 
hardness remains relatively unaffected by the base until the
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indenter has penetrated almost the whole thickness of the plating. 
Conversely, if the hardness of the deposit,is greater than that 
of the base m etal, its hardness properties are markedly 
affected after the indenter penetrates a characteristic depth, 
as for example in the case of tin-nickel alloy deposits, this 
is l/l6th of the thickness of the deposit and in the case of 
tin-copper alloy deposits it is -gth of the thickness.
.i.:-
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Hardness of electro-deposited Tin-Bronzes
TABLE 12.
(10 - 10.5^ Tin)-
r---------------- - -
Load
(gras)
D.P.H.
(Kg/Sq.mra.)
30 277 + 7
40 282 ±  8
50 273 ± 1‘ ■
70 272 ±  4
100 267 + 4
150 260 + 3
200 233 ±  2
250 234 ± 3
300 224 ± 3
350 207 ± 5
400 205 ± 5
Real D.P.H. = 276 ±  6. g
TABLE 13. , 
(12.5 - I31S tin)
Load f 
(gras)
_-f -1'
D.P.H.
(kg./Sq.rara. )
20 316.+ 10
30 300 + 3
’ 50 297 ± 8
70 304 + 7
100 309 ± 4
120 271 ± 2
150 2 6 1 + 6
200 252 + 2
300 216 + 6
400 204 + 6
a
Real D.P.H. = 305 i  11
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TABLE 14.
(20 - 21. Tin)
. Load 
(gms)
' D.P.H. 
(Kg./Sq.mni.
30 • 347 ± 18
50 348 + 5
70 ■ • 359 ±  4
100 339 + 5
,110 346 + - 5
120 312 + 7
150 298 + 4
,  200 260 + 3
250 257 + 5
300 245 + 3 . ;■
Ih .-- . . =i ■
350 239 + 12
L  400 ' ° 234 + 10
Real D.P.H. = 348 ±  11 -
1 ," '-
V'-.-
■ -
■V:
:
M
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TABLE 15. 
(27.5 - 28.^: Tin)
Load
(gms)
D.P.H.
(Kg./Sq.nim. )
. 30 4 4 2 + 1 7
j 50 4 5 5 + 4
70 4 5 2 1  9
100 439 ± 10
120 455 ± 5
140 449 + 10
160 4 4 1 + 6
200 415 i - 9
. 250 391 + 5
300 '■ 367 ± 16
350 3 4 0 + 1 0 '
400 304 + 9
Real D.P.H 
■5
= 449 ± 10.
I
J  - ■  - 
.1 " '  
j '
i,.
t'ï
J ,ii .
■ : - i
f -
i44
TABLE 16. 
(41 - 43^ Tin)
Load
(gms)
D.P.H.
(Kg./sq.mm.)
50 517 ± 13
70 525 ± 11 . .
100 529 ± 9 •
130
a . H
514 ± 1 0
160 • 515 ± 9
170 500 ± 9
180 438 ± 5
200 386 ± 14
250 340 ± '5
300 ^ ^ 1 2  + 7
350 295 ±  10
400 269 ± 7
Real D.P.H. = 520 + 9
■_C ,
-1-
-/'Si
r . f l
&
rTABLE 17. 
(47 - 45^ Tin)
Load
(gros)
. D.P.H.
(Kg./Sq.mm.)
20 416 ± 10
50 4 1 2 + 6
• 70 408 + 3
100 407 +'■' 9
130. 413 ± lô
150 371 + 5 -
200 330 + 4 ;■
250 304 + 3
300 290 + 3
.1 :
350 271 + 3  ;,
400 249 + 2
— ïiLi
Real B.P,.H. = 411 ± 5.
■- ' -!
" -
TABLE 18. 
(57 - 5fi^  Tin)
Load 
(gms) .
D.P.H.
(Kg./Sq.mm.)
20 313 ± 13
50 3 2 1 + 4
70 312 + 8
100 315 ± '4
120 297 ± 2 H
150 287 ± 5 '
200 283 ± 3
250 265 ± 3
300 255 t.. 3
350 • 238 ± 3
400 229 ±  4
Real D.P.H. = 315 ± 6.
j
 ^ '■ ' " p ™ . ' ■ ' '
j
147 i1
1
■“ TABLE 19. ,
-
(63.5^0 Tin) '
i
-
Load
(gms)
D.P.H.
(Kg./Sq.mm.)
20 119 ± 3
30 123 ± 3 i ■ ;
50 130 + 1
70 128 ± 2
• 100 137 ± 3
200 128 + 1
-
300 133 t 2
400 129 ± 3 J 'ii-
500 135 ± 1
Real D.P .H. = 129 + 10
'a.
"  ~ J -  '■ ■/
.
■
F
■Ê
' ' ■ Æ
. ' -■ j-jis 
■' ' ■
TABLE 20.
(85 — 86«5^ Sn)
Load
(gras)
D.P.H.
(Kg./Sq.mra.)
20 57 ± 1
30 5 4 + 1
50 56 + 0.5 J
70 5 6 ? " 1  '
100 55 + 0.5 ^
200 5 7 + 1
300 56 + 0.5
400 60 +• 1
500 61 + 0.5
148
Real D.P.H. = (56 + 2).
- u.
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